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Abstract
Additions of 0.1 - 1.0 wt% Na on Al2O3-CaO and Al2O3-CaO-SiO2 model refrac-
tory castable systems were investigated with respect to the effect on forma-
tion characteristics, and mechanical properties of the consolidated refractory.
In the Al2O3-CaO system, sodium is shown to form sodium β-alumina (NaβA)
via the intermediate NaAlO2. Formation of NaβA disrupts the reaction path
of calcia (CaO) with alumina (Al2O3), delaying crystallisation of calcium hex-
aluminate (CA6) from 1350 to 1500 ◦C. The linear expansion associated with
NaβA is quantified and is shown to scale with the amount of dopant added:
addition of 1 wt% Na leads to up to 47% additional expansion. The prefer-
ential formation of NaβA, rather than CA6, delays sintering and reduces the
elastic modulus of systems with > 0.3 wt% additional Na as a consequence of
a reduction of particle cohesion.
With regards to the consolidated (i.e. heat treated) model castable, the sys-
tem was able to tolerate addition of 0.3 wt% Na without a significant reduc-
tion in stiffness. Addition of 0.3 wt% Na had no negative effect on flexural
strength of the formulation and up to ≤ 0.5 wt% Na does not affect creep
resistance of the consolidated samples. NaβA formation was shown to result
in enhanced internal friction, likely caused by Na+ ion hopping through the
spinel-like planes of the NaβA. During long exposures to 1500 ◦C, sodium is
lost from the samples as shown by quantification of NaβA and the internal
friction peak associated with this phase.
In the system Al2O3-CaO-SiO2 sodium leads to formation of nepheline (Nep,
C2AS) and soda-anorthite (Na-An, Na-CAS2). Up to 1100 ◦C the system can
tolerate the addition of 0.5 wt% Na with regards to elastic modulus and linear
thermal expansion. At higher temperatures, the formation of a viscous phase
leads to a significant deterioration of the creep resistance.
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Chapter 1
Current Challenges in
Refractories
Refractories are heat resistant enabling materials used in large quantities
worldwide for furnace and reactor linings. 70% of all refractory products are
used for the production of steel, but they also play a key role in iron, glass, and
cement making, in the petrochemical industry, and in any industrial process
which requires calcination or combustion. [1, 2, 3] Growth and industrialisa-
tion of a country are closely linked with a need for refractory products. The
annual global demand for refractories has been growing and is predicted to
reach 46.3 million metric tons in 2016. [4]
The refractories market has been undergoing changes in the last two
decades. Traditionally, European manufacturers dominated the market
but plummeting construction in Europe shifted the market of refractories-
consuming industries to Asia to support increasing industrialisation. [5] To-
day, China is the largest market for refractories and steel. It is estimated
that 68 vol% of the worlds refractory production takes place in China. Only
10 vol% of refractories are produced in Europe, and 5 vol% in the USA. [3]
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To date, Europe sources the raw materials for refractory production world-
wide, with 40% of the required alumina (Al2O3) imported from China. Increas-
ingly, raw material availability for Europe is affected by growing local demand
in industrialising countries. To fulfill the local demand for raw materials in in-
dustrialising countries, export is restricted. In the long term, competition for
raw materials is bound to increase further as other markets, such as India, are
predicted to undergo a boom in industrialisation, and as the raw materials are
also used as proppants in fracking, a technique which emerging markets are
predicted to use soon. [3] New sources of raw materials must be found, as well
as growing environmental and energy costs addressed, which arise during the
manufacture of refractories. Various changes can be implemented to reduce
the carbon footprint of refractories, including the optimisation of manufactur-
ing processes in plants, the minimisation of transport cost by processing raw
materials close to their mining location, and by adopting the most suitable
refractory type for specific applications. To enable such changes an in-depth
understanding of the effect of mineralogical change on the refractories per-
formance is necessary. New, or more local quarry locations inevitably result
in compositional variations of the raw materials. Different levels of impurities
will be present and it is necessary to know how much the final properties of
the refractory will be altered by them. The same logic applies to the develop-
ment of more specific refractories: limitations have to be understood so the
properties can be tailored to distinct applications.
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Chapter 2
Aims and Objectives
With refractories being used in extreme environments it is essential that their
high temperature properties and limitations are well understood, especially
in light of the outlined changes in the refractories market. Calcium Aluminate
Cements (CACs) are the binder systems used in many refractory castable ap-
plications today. Their properties are strongly influenced by mineralogical
change. Sodium is present in all Bayer processed aluminas, and consequently
even in high purity CACs. As sodium is unavoidable in these systems, it was
chosen as the first impurity whose effect on the high temperature proper-
ties of CAC-bonded castables is evaluated. This work aims at establishing a
baseline understanding of the phase content, microstructure, and mechani-
cal properties of refractories in Al2O3-CaO and Al2O3-CaO-SiO2 systems. The
phase and property changes during the first heat exposure of compositions in
the Al2O3-CaO system have been studied before, but not the properties of a
consolidated castable. The latter is also true for the Al2O3-CaO-SiO2 system,
but in addition there is disagreement on the refractory formation process.
The Al2O3-CaO system will therefore serve as a basis for the validation of the
preparation method. Using the confirmed data and method, a comparison
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with the Na2O-doped system will be carried out. Similarly, the undoped and
doped Al2O3-CaO-SiO2 system will also be further examined.
The aim is to examine and quantify the effect of sodium on the refrac-
tory formation, and the mechanical properties of a consolidated castable, to
give guidance on safe limits for its presence. Considering the aforementioned
changes in the refractories sector, the company Kerneos SA initiated this work
to gain a better understanding of the mineralogical limitations of their CACs,
particularly the formulation Secar 71, and the castables where this binder
is used. A fundamental understanding of the effect impurities have on CAC-
bonded refractory system, including their microstructure, phase formation,
and high temperature mechanical properties, is essential to remain competi-
tive when applications become increasingly specialised.
A literature review (see Chapter 3) outlines the known compositional, mi-
crostructural, and mechanical changes within both the Al2O3-CaO (Formula-
tion A) and the Al2O3-CaO-SiO2 (Formulation B) system, and summarises work
done on the effect of sodium impurities on these. Chapters 4 and 5 show the
analytical techniques and the methodology used. The results (Chapters 6
to 11) are split into 6 chapters; 3 dedicated to each formulation, A and B. The
first chapter focusing on either formulation describes the system without any
sodium dopant present, the second chapter compares the changes induced by
the presence of sodium, and the third chapter compares the high temperature
mechanical properties of both. A general comparison of Formulations A and
B is made in Chapter 12 prior to the conclusions and future work chapters.
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Chapter 3
Literature Review
3.1 Refractories
A refractory is a composite material composed of (i) large size aggregates,
commonly sintered or fused alumina or magnesia, (ii) additives to influence
setting and hardening properties, and (iii) a binder phase. The binder can
be ceramic, cement, or carbon based. [6] The refractoriness of a material
depends on various factors. In general, heat resistant materials have a high
melting range. Refractoriness is interlinked with other physical properties of
the material, such as density, porosity, particle size distribution (PSD), size
and shape of the particles, and composition. [7] The particle size distribution
and composition of the refractory can be tailored to suit specific applications.
It is common practice to alter the type of refractory lining on the inside of
a kiln based on local conditions. High density materials, such as pre-shaped
bricks, can be used where mechanical strength, corrosion and thermal shock
resistance is required, while porous refractories can act as heat-insulation in
areas less exposed to chemical and physical stresses.
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Pre-shaped refractories, such as bricks, are increasingly replaced by un-
shaped materials. Unshaped refractories are dry powder blends which are
mixed with water on site and cast, vibrated, or gunned into place, and fired.
Compared to bricks they allow the lining of unconventionally shaped struc-
tures in a more cost and time efficient way. Unshaped refractories tend to be
less dense than shaped ones to allow installation and subsequent removal of
chemically bound water, but offer fewer potentially weak sites as bricks do,
which are held together by mortar. As they are made from one piece they are
referred to as monolithics. Monolithics make up over 50% of all refractory
material used today. [6, 8]
3.2 Calcium Aluminate Cement bonded Refrac-
tories
Calcium Aluminate Cements (CACs) are widely used as the binder phase in
monolithic castables. [6] For over a decade they have been used in applica-
tions where the properties of the most common type of cement used world-
wide, Portland Cement (PC), were insufficient. Originally developed as the
binder system for sulphate resistant concrete structures exposed to the sea
in the wake of the First World War, CACs now find application in refractory
castables and other aggressive environments, such as sewage pipes or hy-
draulic dams. [9] In addition, they are used in a field widely referred to as
Building Chemistry as mortar for self-levelling flooring and repairs. [9] CAC
is distinct from PC due to its composition as shown in Fig. 3.1. While PC con-
tains at least two-thirds calcium silicates, 40 - 80 wt% of CAC is Al2O3. CACs
are therefore often referred to as High-Alumina Cements.
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Figure 3.1: SiO2-CaO-Al2O3 phase diagram. Modified from [9].
The term CAC covers a much larger composition range than PC. Based
on composition a number of CAC grades can be classified as listed in Ta-
ble 3.1. While the standard grade CACs contain roughly equal proportions
of Al2O3 and calcia (CaO), the high performance grade contains over 80% of
Al2O3. Amounts of iron oxide, silica and other minor elements, such as tita-
nia, magnesia, or soda, decrease in the higher purity Al2O3, where purity is
achieved by a series of heat and washing cycles. [10, 11]
Table 3.1: Composition range of CACs. Modified from [12]. Values are given
in wt%.
Grade Colour Al2O3 CaO SiO2 Fe2O3 + FeO TiO2 MgO Na2O K2O
Standard low alumina Grey to black 36-42 36-42 3-8 12-20 <2 1 0.1 0.15
Low alumina Light grey 48-60 36-42 3-8 1-3 <2 0.1 0.1 0.05
Medium alumina White 65-75 25-35 <0.5 <0.5 <0.05 <0.1 <0.3 0.05
High alumina White 80 <20 <0.2 <0.2 <0.05 <0.1 <0.2 0.05
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It is the composition and chemistry of CACs which give them special prop-
erties with respect to PCs. These include rapid hardening behaviour and
strength development, even at low temperatures, resistance to repeated ex-
posure to high temperature, and aggressive abrasive and chemical condi-
tions. The special properties come at a price as the higher percentage of
Al2O3 makes CACs more expensive than PC. CACs are rarely used for struc-
tural features in buildings nowadays due to collapse of buildings in the UK in
the 1970’s, and 1990’s in Spain, where the constructors had counted on the
quick-set properties of CAC to build as fast as possible. [9] Evaluations of the
accidents later revealed that the recommended water-to-cement (w/c) ratios
had been exceeded on site, however negative headlines and the higher price
mean that CACs are rarely used, unless their specialised properties are nec-
essary. [9] The incidents dramatically illustrate the consequences which can
ensue when the w/c ratio is not strictly followed and the difficulty of having
instructions followed on site when specialty cements are in use. While con-
ventional castables contain > 2.5% CaO, the amount of the CaO-containing
binder is nowadays often reduced to avoid any deterioration of hot proper-
ties due to the formation of low melting CaO-containing phases. Low Cement
Castables (LCC) and Ultra Low Cement Castables (ULCC) contain between
2.5 - 1% and 1 - 0.2% CaO respectively. Castables classed as cement-free con-
tain < 0.2% of the oxide. [13] When the amount of cement is altered in the
castable formulation various other factors have to be taken into account and
changed, such as the PSD, purity and percentage of Al2O3, and additives. The
make-up of the castable formulation always depends on its end use and has
to be adjusted accordingly. The purpose of the castable formulation used in
the context of this work is as a refractory for steel-melting appliances at an
intermediate temperature range of ∼ 1100 ◦C. The components in the formu-
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lations have been adjusted to work under these conditions by Kerneos SA. The
manufacture and origin of impurities in the components, which constitute the
castable formulation, are described in the following section.
3.3 From Raw Materials to Refractories
Alumina manufacture
Bauxite is the ore used for the synthesis of Al2O3. It consists of various forms
of hydrated aluminium oxide minerals, such as gibbsite (Al(OH)3), boehmite
(γ-AlO(OH)), and diaspore (α-AlO(OH)), as well as iron oxide, quartz, tita-
nia, and other impurities. [14] Its composition varies with mining location as
shown in Table 3.2, and the extraction method and conditions for the produc-
tion of Al2O3 have to be adjusted accordingly.
Table 3.2: Main chemical constituents in wt% of typical bauxite. [15]
Location Al2O3 SiO2 Fe2O3 TiO2
Australia 30-50 10-32 9-26 1.2-2.6
France 55-58 3-6 20-25 2.5- 3.5
India 60-62 0.40-0.48 3.9-4.7 8.9-10.8
Russia 42-48 10-20 15-25 2.0-2.5
Virtually all the Al2O3 used in refractories is made by the Bayer Process. Baux-
ite is washed with a 140 - 250 ◦C hot caustic solution (∼ 3 M NaOH) resulting
in the formation of a sodium aluminate solution, commonly termed pregnant
or green liquor. The digestion temperature depends on the composition of
the bauxite used: Al(OH)3 requires 150 ◦C for its extraction from bauxite while
temperatures of 250 - 255 ◦C are necessary to digest γ-AlO(OH). Solid impuri-
ties, called red mud, are filtered off and the filtrate cooled to 65 - 75 ◦C. Upon
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cooling Al(OH)3 precipitates as a white solid. Calcination at 973 - 1200 ◦C
produces α-Al2O3 through loss of hydroxyl groups. [16, 17] The use of caus-
tic soda results in some Na2O being trapped in the crystalline network of the
cooling Al2O3 crystals. While the amount can be reduced by slowing down the
Al(OH)3 precipitation process by lowering the temperature, this would also
slow down the production process and thereby increase the production cost.
Various polymorphs of Al2O3 exist besides α-Al2O3, also termed corundum,
which is the thermodynamically stable form. Any metastable form of Al2O3 will
eventually transform to α-Al2O3 during heat treatment at T > 1000 ◦C. [18] In
the following the term Al2O3 will always refer to α-Al2O3.
The calcined alumina from the Bayer process is subsequently treated fur-
ther to make various types of aluminas, such as tabular and reactive alumina.
Tabular alumina is a dense sintered aggregate with a melting point of 2050 ◦C.
It takes its name from the typically 50 - 400 µm sized flat, tablet-shaped corun-
dum crystals. The Bayer alumina is ground and pelletised, then dried and sin-
tered at 1800 - 1900 ◦C. At these temperatures the alumina grows into large
grains tabular in shape, which are crushed into a range of grain sizes. The
tabular morphology of the resultant particles is shown in Fig. 3.2. Tabular
alumina is used in refractories due to its high refractoriness and resistance to
thermal shock, creep, and abrasion. [19]
Reactive alumina describes fully ground calcined alumina with up to 90%
of particles sized 1 µm or less. The alumina is dry milled with ceramic milling
media to eliminate any porous agglomerates formed during its calcination.
The term reactive refers to a high sinterability which aids densification pro-
cesses at temperatures 100 - 200 ◦C lower than with coarser aluminas. The
reduction in crystal size facilitates neck formation and growth between crys-
tals during sintering and hence high thermal reactivity. [20]
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Figure 3.2: A) Image of 6-14 mesh (3 – 1.4 mm) tabular alumina, and B)
image of 48 mesh (0.3 mm) tabular alumina, both from Alcoa Inc., PA, US.
Silica manufacture
Silica (SiO2) used in castable systems is usually added in the form of silica
fume, also referred to as microsilica. It is an amorphous spherical particle
with a typical diameter of 0.15 µm. [13] Amorphous silica does not have any
regular structure, unlike the silica polymorphs quartz, tridymite, or cristo-
balite. [21] Silica fume is produced during the production of silicon and ferro-
silicon in large electrical smelting furnaces. Quartz and a carbon source,
usually coal, coke, or charcoal, are added in large chunks to the top of the
furnace and are heated to 2000 ◦C on their way down. On the bottom of the
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furnace the metal is produced in a series of reactions, one of them involving
the formation of gaseous silicon monoxide. Typically 10-15% of SiO(g) man-
ages to escape to the top of the surface where it gets oxidised and forms sil-
ica fume. Any volatile impurity in the starting materials can subsequently be
found in the microsilica. Typically, these involve alkaline oxides and various
forms of carbon. The amount of impurities, especially carbon, will determine
the colour of the final product. [22]
Calcia manufacture
CaO is produced from limestone, which is mostly calcite (CaCO3) and dolomite
(CaMg(CO3)2). Limestone is common worldwide because it forms from the
deposition of calcium ions (Ca2+) and bicarbonate ions (HCO3−) contained in
sea water from the accumulation of shelly marine organisms during the for-
mation of landmasses. Magnesium, silica, and iron are commonly present in
limestone. Their quantities depend on the environment the mineral deposited
in. [23] The main use of limestone is in PC and hence Asia, especially China,
is the largest consumer of the mineral. In 2007, 281000 thousand metric
tonnes of limestone-derived products were produced. [24] Limestone is quar-
ried, crushed, and subsequently heated to ∼1000 ◦C in rotary kilns to produce
CaO according to the following equation:
CaCO3(100.08 g mol
−1) heat−−→ CaO(56.07 g mol−1) + CO2(44.01 g mol−1) (3.1)
The reactivity of the resulting CaO depends on the temperature at which the
lime burning takes place. The higher the temperature, the lower the reac-
tivity. At temperatures around 1400 ◦C the resultant lime is referred to as
dead-burned. [25] As suggested by Eq. 3.1, 44% of products from limestone
production are CO2, which makes up 2/3rd of the CO2 associated with con-
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crete production. [26] When limestone is purchased for cement manufacture,
any impurities present have to be regarded as double quantitatively since
44% of the limestone mass is lost. Magnesia, silica, alumina, iron, sulphur,
and alkalis can be present in limestone in different quantities depending on
mining location as shown in Table 3.3. While Mg2+ is commonly regarded as
an impurity in PC, it is a matching ionic replacement for Ca2+ in the carbon-
ated rock and should hence be treated separately from the other impurities.
Depending on the composition, the calcination temperature of limestone has
to be adjusted: calcite dissociates at ∼ 900 ◦C as shown in Eq. 3.1, while
dolomite dissociation occurs between 400 - 500 ◦C. This is essential to avoid
the presence of dead-burned, i.e. unreactive, magnesia in the product. [27]
Table 3.3: Main chemical constituents in wt% of typical limestone. [27, 28]
Note that not all oxides are listed due to lack of information and the total does
hence not add up to 100%.
Location CaCO3 MgCO3 Al2O3 SiO2 Fe2O3
California, USA 87.70 0.84 2.26 7.12 1.16
Derbyshire, UK 97.40 0.65 0.19 1.13 0.01
CAC manufacture
Different grades of CAC can be manufactured with regards to its end use.
Purity of the raw materials and the manufacturing process of the clinker play
a significant role in determining the purity of the final CAC product. Produc-
tion of standard grade clinker is commonly carried out in a reverbatory open-
hearth furnace as shown in Fig. 3.3A. Limestone and bauxite are charged into
the top of the furnace and gradually move down towards the melting zone in
the hearth of the furnace on the bottom of the vertical stack. Fusion tempera-
tures vary between 1600 - 1900 ◦C. As the molten cement is transported away
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from the hot zone, lumps form upon cooling. The lumps are dropped onto a
pile, making a characteristic clinking sound as they fall, where they are al-
lowed to cool completely before being processed further. The manufacture of
higher grade clinker is shown in Fig. 3.3B. Rather than using mostly unpro-
cessed bauxite and lime, the higher purity grade is made from pre-processed
Al2O3 and CaO. The oxides are milled and fed into a rotary kiln. As a conse-
quence of the rotation the material gradually moves down towards the flame
end of the kiln where it sinters. The cooled clinker is stored inside to avoid
contamination. As shown in Fig. 3.4 the low and high purity clinkers are sub-
sequently milled and stored until the cement is bagged and sent to the cus-
tomer. Table 3.4 shows the composition of the CAC used in this work, which
is a typical high alumina cement. The MgO impurity has likely been intro-
duced by the CaO as outlined above, while all the other oxides were present
in bauxite, as well as limestone. Fe2O3 can be introduced by milling pro-
cesses. Na2O is not only present in the cement, but also all Al2O3-components
present in the final refractory, which will increase its overall percentage in
the castable.
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Figure 3.3: Manufacturing processes for low and high aluminas modified
from C. Parr’s presentation "Kerneos corporate Presentation" given at Impe-
rial College London in 2013.
Figure 3.4: Manufacturing processes for cements modified from C. Parr’s
presentation "Kerneos corporate Presentation" given at Imperial College Lon-
don in 2013.
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Table 3.4: Chemical constituents of Secar 71 in wt% from product data sheet
shown in appendix A.
Al2O3 CaO SiO2 Fe2O3 MgO TiO2 Na2O
≥ 68.5 ≤ 31.0 ≤0.8 ≤ 0.4 < 0.5 < 0.4 < 0.5
3.4 Phase and Microstructural Evolution in
Al2O3-CaO Systems
Fig. 3.5 outlines the various stages which occur during the preparation of a
refractory. The principal phases in CACs are calcium monoaluminate (CA)
and calcium dialuminate (CA2), which are shown here in Cement Chemist No-
tation: A = Al2O3, C = CaO, S = SiO2, H = H2O, N = Na2O. The abbreviation
system will be used throughout the rest of this thesis. Upon hydration the
cement surface is hydroxylated and Ca2+ and Al(OH)4− ions liberated. Dis-
solution continues until the solution is saturated in ions and a hydrate gel
forms. The hydrate network will grow to a critical size during a nucleation
period, which is followed by a rapid precipitation of hydrates. By this point
the installation of the cement has to be completed as workability stops. The
precipitation of hydrates is an exothermic process, commonly referred to as
self-heating. Following Le Chatelier’s Principle, the precipitation of hydrates
leads to continuous dissolution of cement as reflected by the increase in solu-
tion pH, until all anhydrous cement is consumed and setting is completed. [29]
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Figure 3.5: Flow chart of refractory evolution based on the information pro-
vided in [29].
Various additives can be added to alter the rheology and setting behaviour
of a castable. Table 3.5 shows common additives and their effect on the ce-
ment behaviour. Note, that the cation in the salts is often sodium. The effect
depends on the added concentration, temperature and the method of addi-
tion. [30] Accelerators increase the pH of the green mix. Setting of CACs
occurs around pH 11 - 12, hence a more alkaline solution sets more quickly.
Organic molecules are also commonly used as retarders. Often the retarders
react to form a temporary passivating layer around the CAC grains which
prevents hydration. [8, 31]
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Table 3.5: Common additives used in refractory castables. [8]
Additive Accelerator Retarder pH control Water reducer Rheology modifier
Lithium carbonate x
Calcium hydroxide x x
Sodium carbonate x x
Sodium bicarbonate x x
Sodium citrate x x x
Sodium phosphate x x x
Sodium polyacrylate x x
Polycarboxylate x x
Citric acid x
Boric acid x
The hydrates which have formed when the cement has set are often
metastable as shown below. Metastable phases form when the direct forma-
tion of the most stable phase is not possible due to the complex crystal struc-
ture and higher symmetry. The process which describes the transformation of
the metastable phase to the more thermodynamically favoured phase is called
conversion. Conversion is temperature dependent; the main hydrates and
their conversion reaction and temperatures are outlined in Eqs. 3.2-3.6. [9]
<27◦C CA + 10H⇒ CAH10 (3.2)
>27◦C 2CA + 11H⇒ C2AH8 + AH3 (3.3)
2CAH10 ⇒ C2AH8 + AH3 + 9H (3.4)
>50− 70◦C 3CA + 12H⇒ C3AH6 + 2AH3 (3.5)
3C2AH8 ⇒ 2C3AH6 + AH3 + 9H (3.6)
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Conversion can have a significant effect on the strength of the cement. The
metastable phases have a low solid density and contain large quantities of
physically-bound water. Table 3.6 gives the densities and water content of
the hydrates listed in Eqs. 3.2 - 3.6. When the denser stable hydrates form,
the overall solid volume decreases, resulting in porosity and lower strength.
Conversion can be significantly accelerated by heat evolution due to self-
heating of the cement. The reduction in strength is most severe at high w/c
ratios as all the anhydrous phases react simultaneously to form metastable
hydrates. If the w/c ratio is kept below 0.4 conversion will occur gradually as
insufficient water is present to hydrate all the calcium aluminate at the same
time. Instead the water released from conversion of some metastable phases
becomes available gradually to react with more anhydrous phases, resulting
in a decreased net volume loss. Therefore the practice of adding extra water
to enhance the workability by poorly trained builders on site has detrimental
consequences for CACs, and can lead to dramatic failures as outlined in
Section 3.2.
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Table 3.6: Density of calcium aluminate hydrates and non-hydrates. Data
modified from [10, 29].
Phase Density (g/cm3)
CAH10 1.72
C2AH8 1.75
C3AH6 2.52
AH3 2.40
C12A7 2.69
CA 2.98
CA2 2.91
CA6 3.38
α-A 3.98
A large part of the cement has been hydrated before the refractory is sub-
jected to heat treatment. [32] The chemically-bound water in the hydrates
is released as they decompose between 150 - 350 ◦C. Overall crystallinity is
low between 350 - 800 ◦C, but from 600 - 800 ◦C C12A7 can be detected (see
Fig. 3.6) as a result of the incorporation of alumina into the dehydration prod-
uct of C3AH6. [33] C12A7 has a cuboidal morphology as shown in Fig. 3.7a.
With increasing temperature, calcium aluminate phases with a higher pro-
portion of alumina will form, as shown in Fig. 3.6, due to the gradual diffusion
of Ca2+ and O2− ions from the calcia-rich areas into the alumina-rich ones.
Al3+ ions are largely immobile and their movement does not contribute signif-
icantly to the growth of calcium aluminate phases. [34, 35, 36]
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Figure 3.6: Phase composition changes during the firing of a CAC-bonded
high alumina castable. Modified from [32]. Samples were fired at a heating
rate of 5 ◦C/min and allowed to dwell for 6 h at the respective temperature
and air-quenched before Rietveld refinement was carried out. 24 h indicates
the period of curing.
By 1100 ◦C, no more C12A7 can be detected as it reacts with α-alumina to form
CA (Fig. 3.6). The reaction is usually simplified as shown in Eq. 3.7.
C12A7 + 5A→ 12CA (3.7)
CA reaches its maximum crystallinity at 1000 ◦C when it can be detected
as globular features as shown in Fig. 3.7b. The structural information for
monoclinic CA is listed in Table 3.7.
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CA reacts further to form CA2 as shown in Eq. 3.8, reaching its maximum
crystallinity at 1100 ◦C.
CA + A→ CA2 (3.8)
A 13.6% volume increase is often associated with this reaction [37, 38, 39].
At about 1350 ◦C CA6 can be detected following Eq.3.9. [32, 37]
CA2 + 4A→ CA6 (3.9)
The growth of hexagonal CA6 is preferentially along the basal planes of corun-
dum crystals resulting in platelet-like morphology (Fig. 3.6d). The anisotropic
growth direction results in an overall volume expansion associated with CA6
formation. CA6 is often referred to by its mineral name hibonite, and its struc-
ture described as magnetoplumbite (MP) as its spinel blocks and inter-layers
are isostructural to that mineral. To show the MP structure CA6 can be written
as {CaAlO3}[Al11O16], where the part in curly brackets represents the layer
between spinel blocks and the section in square brackets the spinel block it-
self. [40, 41] The structural information for CA6 is listed in Table 3.7. The CA6
platelets form an interlocked network which adds strength to the castable,
making CA6 the desirable phase in the refractory system. [38] Its properties
also include good thermal shock resistance, a high melting point of 1800 ◦C,
and the ability to form strong bonds with the α-alumina aggregates. [13, 42]
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Figure 3.7: Micrographs showing a) the cuboidal morphology of C12A7 with
several microcrystals, b) the globular shape of CA, c) the growth of CA2 on
α-alumina, and d) the platelet-like morphology of CA6. Modified from [37].
Table 3.7: Structural information of CA, CA2 and CA6. Data adapted from [40,
43].
CA CA2 CA6
Space group P21/c C2/c P63/mmc
Volume [Å3] 1070.40 591.54 585.83
a [Å] 8.69 12.84 5.56
b [Å] 8.09 8.86 21.89
α [◦] 90.00 90.00 90.00
β [◦] 90.14 106.00 90.00
γ [◦] 90.00 90.00 120.00
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The phase evolution of the five binary phases C+A → C3A → C12A7 → CA →
CA2 → CA6 is represented in the CaO-Al2O3 phase diagram in Fig. 3.8. C12A7
is usually included in the phase diagrams even though it has been shown to
be unstable under anhydrous conditions. [44] From a strictly thermodynamic
perspective it should not be plotted on a CaO-Al2O3 phase diagram. Addi-
tion of alumina to calcia significantly reduces its liquidus temperature from
2572 ◦C to 1542 ◦C, where incongruent melting of C3A to CaO and liquid
occurs. Liquid is present at 1400 ◦C and 1390 ◦C when C12A7 and C3A, or
CA, melt respectively. Above this eutectic point an increased alumina content
leads to an increase in melting temperature. CA6 melts to alumina and liq-
uid at 1860 ◦C, which sets an absolute maximum temperature on the use of
CAC-based refractories. The Al2O3-CaO castable system has been extensively
studied and the published results are in good agreement. [9, 13, 32, 45]
Figure 3.8: CaO-Al2O3 phase diagram. Modified from [46].
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3.5 Phase and Microstructural Evolution in
Al2O3-CaO-SiO2 Systems
Submicron sized particles of silica added to CaO-Al2O3 castable systems
act primarily to fill the voids between larger grains, thereby enhancing the
castable bulk density. [13] Their spherical shape, shown in Fig. 3.9, is thought
to aid flow and hence reduce the overall water required. [6]
The surface of silica particles is partially hydroxylated as shown in
Fig. 3.10 and hence can easily be dispersed in water and transported around
the other particles in the refractory system. [47]
Figure 3.9: TEM image of microsilica. Modified from [6].
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Figure 3.10: Silanol group on the surface of silica particle and one possible
interaction with a water molecule through its hydroxyl group, where R = rest
of particle. Modified from [48].
The acid dissociation constant, pKa, of the silanol groups on the surface of
microsilica ranges between 4 - 5.5. [49] The negative surface charge on the
particle hence increases with solution pH, gradually attracting more cations.
In the case of CAC systems, the change in pH during the curing stage (see
Fig. 3.5) means the colloidal silica will undergo flocculation with the Ca2+ ions
in the solution and form calcium alumina-silicate hydrate phases (so called
CASH phases) around the refractory particles in addition to the other hydrate
phases. [22, 50, 51] The presence of CASH phases leads to the formation of
finer pores. [50] Scrivener et al. report the formation of a gehlenite hydrate
called strätlingite (C2ASH8), which can form both from the reaction of C2AH8
(as formed in the silica-free castables; see Eqs. 3.3 and 3.4) with SiO2, and
due to the reaction of C2S with Al2O3 during the curing process. [10, 13]
Lee et al. state that subsequent heat treatment dehydrates C2ASH8 and it
becomes amorphous until its dehydration products gehlenite (C2AS, Geh) and
anorthite (CAS2, An) can be detected from 1000 ◦C onwards. [13] However,
the formation of these two phases seems not always as straightforward as
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stated above. Traoré et al. postulate that the formation of C2AS (Geh) and
CAS2 (An) occurs as outlined in Eqs. 3.10 and 3.11, where metakaolinite (AS2)
acts as a starting material. Rather that forming C2AS (Geh) and CAS2 (An)
simultaneously from amorphous material, C2AS (Geh) acts as a precursor for
the crystallisation of CAS2 (An). [52]
AS2 + (2 + n)C→ C2AS + nCS (3.10)
C2AS + 3S + A→ 2CAS2 (3.11)
Parr et al. observe C2AS (Geh) and CAS2 (An) simultaneously between 1000 -
1500 ◦C in a CAC-bonded high alumina system with 5 wt% SiO2, but the data
published does not include XRD evidence. [53] Nonnet et al. only report the
formation of C2AS (Geh), between 970 - 1385 ◦C, but no CAS2 (An), in a high
alumina formulation with 1 wt% SiO2. Rather than acting as a precursor for
CAS2 (An) formation, C2AS (Geh) disappears in the liquid phase at higher tem-
peratures. [45] Khalil observes only C2AS (Geh) at 1500 ◦C in a high alumina
cement system with 2.34 wt% SiO2. [54] On the provided XRD pattern only
2 peaks for CAS2 (An) are highlighted in the 16 - 66 ◦2θ range at ∼ 23 and
30 ◦2θ. Comparison with the peaks listed for CAS2 (An, 00-041-1486) sug-
gests that both peaks are below 20% relative intensity and none of the higher
intensity peaks are highlighted, even taking into account peak overlap. The
calcium aluminate phases outlined in Section 3.4 form as well in the Al2O3-
CaO-SiO2 system but at different temperatures. The presence of C2AS (Geh) is
reported to delay the formation of CA2 to 1200 ◦C in silica-containing systems.
CA6 does not form unless T > 1540 ◦C. [45] With increasing SiO2 content the
high temperature properties of the castable deteriorate. At 1190 ◦C a eutectic
can be found in the high silica corner of the CaO-Al2O3-SiO2 liquidus projec-
tion in Fig. 3.11. [55] However, if the concentration of silica is kept below
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3%, mullite (A3S2) can form from 1300 ◦C which enhances the strength of the
castable due to interlocking of its needle-shaped crystals according to Myhre
and Sandberg. [22] Both Parr et al. and Khalil report the presence of A3S2
(Mul) at 1500 ◦C. [53, 54] Myhre and Sandberg report that above 1400 ◦C the
high temperature properties of even < 3% silica containing castables start to
deteriorate due to liquid formation. [56] The densities of the relevant phases
are listed in Table 3.8. While there seems to be an overall agreement in the
literature that SiO2 improves the low and medium temperature properties of a
castable, that its presence deteriorates the high temperature properties, and
can lead to C2AS (Geh) and CAS2 (An) formation, a large variation with re-
spect to the mechanism, the tolerable amounts of SiO2, and the temperature
ranges exist. In summary, the observations concerning the phase changes in-
troduced by the presence of SiO2 are not consistent throughout the available
literature.
Table 3.8: Density of phases in Al2O3-CaO-SiO2 system. Data modified
from [57, 58, 59].
Phase Density (g cm−3)
C2AS (Geh) 3.04
CAS2 (An) 2.75
A3S2 (Mul) 3.14
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Figure 3.11: CaO-Al2O3-SiO2 phase diagram. Modified from [55].
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3.6 Known Effects of Sodium Impurities on the
High Temperature Properties of a Al2O3-
CaO Systems
Sodium impurities are present in CACs as residue of the sodium hydroxide
solution used in the Bayer process for the extraction of alumina from bauxite.
Sodium is also commonly added to the refractory in the form of additives. The
consequences of sodium-containing additive addition on hydration and setting
have been outlined in Section 3.4. The focus in the following sections is on
known effects of sodium on both the Al2O3-CaO and the Al2O3-CaO-SiO2 sys-
tems at elevated temperatures.
When sodium is present in silica-free high alumina cements, sodium β-
alumina (NβA) formation has been reported. [29, 60] Its formation range is
shown in the Al2O3-Na2O phase diagram in Fig. 3.12, where the authors sug-
gest that it coexists with the form Sodium β”-alumina (Naβ”A) below 1550 ◦C
and on its own between 1550 - 2000 ◦C in the 84 - 89 mol% Al2O3 range. [61]
Despite an apparent consensus on the negative effect of NβA formation
on expansion behaviour and spalling resistance of CACs, no evidence is pre-
sented to support or quantify the behaviour.
NβA consists of alternating layers of closely and loosely packed layers. The
closely-packed layers, commonly referred to as the spinel blocks, are made up
of four oxygen layers with aluminium ions in the interstices, while the loosely-
packed layer is comprised of bridging Al-O-Al bonds and mobile sodium ions,
as shown in Fig. 3.13.
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Figure 3.12: Existence range of β-A in the Al2O3-Na2O phase diagram, where
the cross hatched area marks a region where β and Naβ” coexist. Modified
from [61].
Sodium ions can move through the loosely-packed layers, resulting in ionic
conductivity. The conductivity made NaβA the focus of intensive research
in the 1970s when its use as a potential solid electrolyte for sodium-sulfur
batteries was discovered. [62, 63] Naβ”A is used as a fast ion conductor today,
as its different stacking sequence of two conduction planes and three spinel
blocks allows for more efficient sodium conductivity.
The name β-alumina is a misnomer stemming from the fact that it was
thought to be an allotrope of α-alumina when it was first identified. [64] With
the identification of the crystal structure came the realisation that the pres-
ence of sodium ions is essential for the formation of β-alumina, and that α
(rhombohedral; R3¯c) and β (hexagonal; P63/mmc) are two fundamentally dif-
ferent compounds. [65, 66]
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Figure 3.13: Projection of Na β-A. Modified from [67].
For convenience NaβA is widely written as NaAl11O17 or Na2O·11Al2O3,
but the phase can exhibit a non-stoichiometric composition NaxAl11O17, where
x=1-1.6. [67, 68]
Due to the mobility of the sodium ions in the conduction layer, replacement
with other ions, such as Mg2+, Li+, and Ca2+ can occur. [62, 69, 70]
The formation of other sodium-containing phases is possible in the
castable system, as suggested by a number of reports examining the high
alumina corner of the Na2O-Al2O3-CaO phase diagram. [71, 72] The most re-
cent evaluation of the available literature data at 1200 ◦C has been carried
out by Schlegel et al. [73] The authors suggest a new phase diagram based
on the published data, plotting the phases shown in Fig. 3.8 along the CaO-
Al2O3 axis, NA11, N3A16 and NA along the Al2O3-Na2O axis and no phases along
the Na2O-CaO one. Neither of the two cited publications mention the phase
N3A16 so it is unclear from where this information was obtained. A number
of possible solid solutions are indicated, namely NCA2, NC3A8, and NC8A3.
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The existence of these and others have been suggested by different authors
as a consequence of Na+ inclusion into the C3A, C12A7, and CA. [74, 75, 76]
Ostrowski and Z˙elazny note that the effect of solid solution formation cannot
be observed with Na2O concentrations ≤ 3.5 wt% as any possible XRD peak
shifts are too small to be detected. [76]
Schlegel et al. continue to suggest that the presence of Na2O does not
act as a flux as the lowest melting point is still located between the phases
C3A and C12A7. [73] The authors continue to calculate the linear dimensional
change associated with the reaction of each calcium aluminate phase with
Na2O from the known density of the individual phase and associated solid
phase mixture. They conclude that CA6 is most strongly affected as shown by
a ∼ 14% volume expansion in the presence of 30% Na2O, while the expansion
of the other calcium aluminate phases does not exceed 2%. They suggest
that CA6 is therefore not resistant to alkali attack. The large expansion is
unsurprising when considering the densities presented in Table 3.6, where
CA6 has the highest density of all calcium aluminate phases.
Overall, it is evident, that not much is known of the consequence of a vari-
ation in Na2O content on the high temperature properties of a CAC-bonded
castable. While it seems to be accepted knowledge that NβA formation has
negative consequences for the refractory, no evidence is published. Other
than a theoretical evaluation of the Na2O-Al2O3-CaO phase diagram, [73] no
work has been carried out on the system with respect to its high temperature
microstructure and mechanical properties.
53
3.7 Known Effects of Sodium Impurities on the
High Temperature Properties of a Al2O3-
CaO-SiO2 Systems
Yu et al. found that the presence of Na2O in Al2O3-CaO-SiO2 systems pro-
motes formation of C12A7 as reflected by the lowering of its formation temper-
ature from 1390 to 1360 ◦C while it impedes C2AS (Geh) crystallisation in a
36.4 wt% Al2O3, 42.6 wt% CaO, 12.1 wt% SiO2, 8.9 wt% Na2O system. [77]
The authors confirmed the incorporation of Na2O into C12A7, which was de-
scribed before. [74, 75, 76] With respect to high alumina castable systems, no
further studies have been carried out, however the high SiO2 corner of this
system has been extensively studied by geochemists due to an abundance of
silica-containing minerals in the Earth’s crust. [78] In the following the focus
is on potential phase changes as suggested by the available phase diagrams
with reference to the relevant phases in the SiO2-containing castable (see
Section 3.5). Fig. 3.14 shows the compositional ranges with respect to C2AS
(Geh) and CAS2 (An).
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Figure 3.14: Quaternary phase diagram of Al2O3-CaO-SiO2-Na2O with high-
lighted planes of compositions which have been studied by different au-
thors: A-C-S based on Eriksson and Pelton, 100-35% A–0-65% N–0-65% C
by Brownmiller and Bogue, A-CA-NA by Verweij and Saris, C2AS-NAS2-
CAS2 by Goldsmith, and CAS2-NAS2-NAS6 by Greig and Barth. Modified
from [55, 71, 72, 79, 80].
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A summary of the system CAS2 (An)–NAS2 (Nephelite, Nep)–NAS6 (Albite,
Ab) by Greig and Barth is shown in Fig. 3.15. The binary system CAS2 (An)–
NAS6 (Ab) shows a complete solid solution series, often referred to as plagio-
clase series. The compositional ranges in the CAS2 (An) – NAS6 (Ab) alkali-
feldspar series are used as a guide for naming individual components, as out-
lined below with respect to % NAS6: [81]
• Albite - 100 - 90%
• Oligoclase - 90 - 70%
• Andesine - 70 - 50%
• Labradorite - 50 - 30%
• Bytownite - 30 - 10%
• Anorthite - 10 - 0%
Fig. 3.15 also shows the CAS2 (An)–NAS2 (Nep) binary system. At T ≥ 1350 ◦C
a transformation from nephelite (Nep, hexagonal) to carnegieite (Cg, triclinic)
occurs. [80]
C2AS (Geh) is the other relevant phase, which has been reported in a silica-
containing castable system. Fig. 3.16 shows that the reaction with Na2O is
likely to occur via a solid solution with CAS (Melilite, Me) as the end member
NAS2 (Nep or Cg) is approached. [79]
This section shows that the influence of Na2O on a castable system has not
been studied. The availability of phase diagrams gives an idea of the phase
changes which can be anticipated.
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Figure 3.15: Albite (NAS6)–Anorthite (CAS2)–Nephelite (NAS2) phase dia-
gram. Modified from [80].
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Figure 3.16: Gehlenite (C2AS)–Anorthite (CAS2)–Nephelite (NAS2) phase di-
agram, where SS = solid solution. Modified from [79].
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3.8 Mechanical Properties of Calcium Alumi-
nate Cement Bonded Refractories
Specific mechanical properties are required for a refractory depending on the
operating conditions it is subjected to. When used in steel melting applica-
tions, such as steel ladles or furnaces, the temperature dependence of the me-
chanical properties of refractories is evident. [82] Various properties have to
be tested to assess a refractories ability to function under specific service con-
ditions, which include resistance to corrosion, thermal shock, and spalling,
refractoriness under load, and behaviour after thermal cycling. [83, 84] In
the following section an outline of the available literature on elastic modulus
and damping behaviour, creep resistance, hot and cold compressive strength,
density, and dimensional thermal variability will be given, as these tests are
relevant for the following discussion.
The first exposure to heat significantly alters the chemical and physical
properties of the castable as described in the previous sections, for example
as the hydrates decompose and the high alumina calcium aluminates form.
The castable gains its refractory properties during this initial heat treatment,
hence a lot of focus is put on understanding the changes in mechanical prop-
erties during this period. [85] The effect of first heating on elastic modulus,
sample dimensions, and mass, on high cement castables with 1% siliceous
impurity is examined by Nonnet et al. [45] The castable compositions tested
by Nonnet et al. are shown in Table 3.9 and the result in Fig. 3.17. The loss
of water due to hydrate decomposition and increased porosity between 200 -
400 ◦C is reflected in a drop of elastic modulus (Fig. 3.17a). This thermal de-
composition is also reflected in a slight shrinkage (Fig. 3.17b), a mass loss of
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∼ 4%, and an endothermic peak (Fig. 3.17c). Between 400 - 900 ◦C mass loss
continues but less significantly as residual hydrates decompose with no effect
on the elastic modulus. An exothermic peak at 910 ◦C marks the crystallisa-
tion of CA. The formation of CA2 from CA and A leads to expansion (Fig. 3.17b)
due to CA2 having a 13.3% lower density than the initial phases. The densities
used for this calculation were not given, and based on the densities listed in
Table 3.6 CA2 has a 16.4% lower density than the starting materials, which
suggests that the authors are probably referring to the % volume increase
mentioned in Section 3.4. Shrinkage is observed between 1200 - 1450 ◦C and
is reported as resulting from densification, which accompanies sintering. The
increase in elastic modulus as 1450 ◦C is reached is explained as a conse-
quence of neck growth due to sintering rather than CA6 formation.
Table 3.9: Composition of castable [wt%] formulations tested. Modified
from [45].
Material B-G BS-G
Tabular alumina 50.0 50.0
Reactive alumina 40.1 39.1
CA 9.9 9.7
Silica fume - 1.0
Soro et al. observe a similar elastic modulus behaviour in tape cast CAC-
based tapes with 29% silica. [86] The increase from 1100 ◦C is explained by
CA being more compliant than CA2. Above 1200 ◦C a reduction in stiffness
is observed, which is attributed to the formation of a liquid. The drop in
stiffness is slightly counteracted by the formation of CAS2 (An) and C2AS (Geh)
but beyond 1359 ◦C this effect is negligible. As 1400 ◦C is approached the
XRD peak intensity of CAS2 (An) increases, as well as the peak for A. No
quantification was carried out beyond percentage peak intensity.
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The silica-containing sample BS-G (see Table 3.9), which Nonnet et al.
examine, shows a slightly earlier increase in stiffness at T > 900 ◦C compared
to the silica-free sample B-G due to the formation of C2AS (Geh) [45]. The
shrinkage between 1200 - 1450 ◦C is believed to coincide with an increase in
elastic modulus, but no explanation for the earlier onset or doubling of extent
of shrinkage when compared to sample B-G is offered [45]. From 1400 ◦C
a sharp reduction in stiffness is observed due to the formation of a viscous
liquid. A significant increase in ultrasonic attenuation or damping is observed
compared to the silica-free material which is also explained by the presence of
the liquid. The liquid solidifies on cooling which is reported as an explanation
for a gradual rise in elastic modulus and a reduction in attenuation signal. No
silica-containing phases were observed on cooling.
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Figure 3.17: a) Normalised elastic modulus change with temperature for
a silica free (B-G) and a silica-containing (BS-G) sample, where the change
in elastic modulus (∆E) is shown with respect to the initial value (E0), b)
dimensional change vs. temperature, where the length change (∆l) is plotted
with regards to the initial sample length (l0), and c) TG-DTA. With permission
from [45].
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Simonin et al. examine the stiffness behaviour of a high alumina magne-
sium spinel castable by comparing a compete formulation with the matrix-only
material, where they define matrix as any component < 125 µm. [38] 10 wt%
magnesium spinel is added to their formulation to enhance corrosion and slag
resistance but no effect of the spinel on the mechanical properties is reported.
They examine the room temperature elastic modulus of samples fired at tem-
peratures up to 1600 ◦C. The complete concrete sample shows a significant
reduction in stiffness between 200 - 300 ◦C, while the matrix alone exhibits a
gradual loss in stiffness up to 1000 ◦C. The authors also compare the thermal
expansion of both types of sample and found that in the range 200 - 400 ◦C
the matrix-only sample exhibits shrinkage, while the complete formulation
expands. They conclude that the sharp reduction in stiffness at these low
temperatures is therefore not primarily caused by hydrate loss but is also due
to microcracking caused by a thermal expansion mismatch between matrix
and aggregates. No images for microcracking are presented. The thermal ex-
pansion graph does show a slight shrinkage in the complete formulation case,
much like the data presented by Nonnet et al. [45] Shrinkage is more signif-
icant in the finer formulation as no large aggregates, i.e. those > 125 µm,
are present to inhibit this compression. The effect on elastic modulus is how-
ever more noticeable (∼ 25 GPa in the complete formulation and only 5 GPa
in the matrix-only sample) as the loss of water results in greater porosity and
particle cohesion loss. It stands to reason that microcracking – if it occurs
– is rather a consequence of the hydrate loss than the cause of the stiffness
reduction.
The drop in stiffness associated with dehydration between 200 - 400 ◦C,
which is observed in all types of formulations outlined above, correlates with
an increase in porosity and reduction in strength. Simonin et al. test the
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compressive strength of the complete formulation in a four-point bend con-
figuration at room temperature after firing and at high temperature after a
firing cycle at the subsequent testing temperature. [38] The result is shown
in Fig 3.18. The reduction in strength between 200 - 400 ◦C is clearly notice-
able. At temperatures ≤ 1100 ◦C the high temperature strength was larger
than in the room temperature tests, varying between 52 MPa and 38 MPa at
110 ◦C, 45 MPa and 30 MPa at 550 ◦C and 49 MPa and 32 MPa at 1100 ◦C
for hot and cold crushing strength respectively. This is explained by the ex-
pansion of grains during the second exposure to heat, just as the samples are
brought up to the desired testing temperature, filling in any previously formed
microcracks. Testing at temperatures > 1100 ◦C shows non-brittle fracture
and an overall reduction in compressive strength attributed to the formation
of a glassy phase caused by the presence of siliceous impurities in the matrix.
Figure 3.18: Comparison of hot and cold compressive strength with temper-
ature in a high alumina magnesium spinel castable. Modified from [38].
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Studart and Pandolfelli [87] show a reduction in porosity from 13% to 8% in
a low cement castable when the firing temperature is increased from 1100 ◦C
to 1400 ◦C. The mechanical strength of the samples increases from 3 MPa to
12 MPa at 1100 ◦C and 24 MPa at 1400 ◦C. [87] Touzo et al. [32] observe a
similar behaviour and conduct quantitative phase analysis which shows that
it is the calcium aluminate cement binder reacting largely with itself to form
CA2 below 1350 ◦C which gives the castable its strength. The formation of CA6
hence shows that the cement has finished reacting with itself and is starting
to react with the alumina aggregates, which correlates with the start of sin-
tering. [32]
Few reports of the creep behaviour of CAC-bonded castables have been
published. The compressive creep behaviour of high-alumina castables
bonded with 6% CAC is examined by Oliveira and Pandolfelli. [88] Prior to
being subjected to load, the samples are pre-sintered for 24 h at 1500 ◦C
and subsequently subjected to a 0.2 MPa load for 48 h at 1450 ◦C. Porosity is
reported as having little effect on the deformation behaviour, but the use of
SiO2 containing additives doubles the observed % of deformation from 0.25
to 0.45 after 48 h. Apart from suggesting the presence of a glassy phase
caused by the presence of SiO2, which is also observed elsewhere [54], no
creep mechanism is suggested.
Terzic´ and Pavlovic´ propose a mechanism when they report on the com-
pressive creep behaviour of high alumina CAC-bonded samples with 21.17
and 0.7% SiO2. [89] Samples are tested at 1100 1200, 1300, and 1400 ◦C at
0.2 MPa after pre-firing for 4 h at 1100 ◦C. At 1200 and 1300 ◦C the reported
% of deformation is larger for the sample higher in SiO2 due to the presence
of a viscous liquid in the inter-aggregate space. The deformation at 1400 ◦C
is restricted when the formation of A3S2 (Mul) occurs. Creep is reported to
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occur due to diffusion and viscous flow with stress exponents (n) between
0.13 – 0.52. The activation energies for creep in both the low and high silica
samples are reported to be 83 ± 6 kJ mol−1.
Loads of 1 MPa are applied by Studart and Pandolfelli on high alumina
samples with 1 wt% calcium aluminate cement, which have been heat treated
for 12 h at 1550 ◦C. [87] Apart from graphically displaying an increase in
creep rate from ∼ 10−9 to ∼ 10−6 s−1 when the testing temperature is raised
from 1375 to 1425 ◦C, no comments or description of the results are offered.
Burdick compares the creep behaviour of high-alumina refractories with
varying soda levels from 0.04 wt% to 0.5 wt%. [90] All samples contain 10%
SiO2 and the sources of sodium were fused and sintered alumina with different
impurity levels. A load of 0.69 MPa was applied at temperatures from 1450 -
1515 ◦C for 24 - 36 h. The results suggest that the creep rates decreased
with increasing sodium content. The author describes the creep rates in the
high-sodium samples as "lower than expected" [90] in light of the higher quan-
tities of glassy phase formed in those samples. It is suggested that a higher
sodium oxide content favours formation of larger amounts of A3S2 (Mul) over
time, which enhances creep resistance, while SiO2 remains present as the
polymorph cristobalite in low-soda samples. No further explanation is offered
by Burdick [90], but the observations tie in with other reports by Myhre and
Sandberg of A3S2 (Mul) crystals growing out of a liquid. [56, 90] The reported
activation energy for creep in high-sodium samples is 143 kJ mol−1 after 3 h
of firing and 154 kJ mol−1 after 7 h, while the low-sodium samples show ac-
tivation energies of 94 kJ mol−1 and 113 kJ mol−1 after 3 and 7 h of firing
respectively, agreeing with the slow formation, and lower A3S2 (Mul) content
in the low-sodium samples. [90]
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The permanent linear dimensional change associated with the main
CAC-phase formation reactions is given in Table 3.10. The data was obtained
by Criado et al., who measured the dimensional change by preparing stoi-
chiometric mixtures of the relevant starting materials using dilatometry. [91]
The formation of CA2 is associated with a 13.60 vol% increase, which has
a notable effect on stiffness and compressive strength, as described by
Simonin et al. [38]
Table 3.10: CAC reactions and the associated permanent dimensional
change. Modified from [39, 91].
Reaction Volume (%) Linear (%)
C12A7 + 5A→ 12 CA -1.17 -0.39
CA + A→ 12 CA2 +13.60 +4.76
CA2 + 4A→ CA6 +3.01 +1.01
To date, the effect of variable impurity levels on the mechanical proper-
ties of CAC-bonded castables is limited to one study concerning the effect of
Na2O on creep resistance. Even without the addition of impurities, the high
temperature properties of CAC-based refractories are not well understood.
The behaviour of the undoped system Al2O3-CaO has been more intensely
studied than the Al2O3-CaO-SiO2 one.
The literature review shows that little is known about the consequences
that increased levels of sodium have on the phase formations and mechanical
properties of either type of CAC-bonded refractories.
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Chapter 4
Experimental Methodology
4.1 Sample preparation
A silica-free and a silica-containing castable formulation (Formulations A and
B) were prepared and the effect of Na2O tested. Both formulations were
optimised with regards to particle size distribution, flowability, and setting
time by Kerneos SA. They are commercially available to castable customers.
Large aggregates of 10 mm diameter or larger are commonly part of any
refractory formulation, as shown in Tables 4.1 and 4.2. In this study the fo-
cus is on the matrix components of the refractory formulation, so particles
> 0.3 mm diameter have been excluded from the batch. Any reference in the
following will be to the castable composition labelled as wt% matrix in the
tables below. The large aggregates have been replaced by the 48 mesh tab-
ular alumina and the system normalised with the exception of the additives,
which are kept constant. This approach is necessary for various reasons: the
cement-containing matrix is the reactive part of the system and any Na2O-
induced changes originate here. The lack of large aggregates does reduce
the strength and creep resistance of the castable, but the aim is to explain
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the changes in the presence of Na2O rather than quantifying them (see Chap-
ter 14 for future work suggestions regarding a comparison of the complete
and matrix castable systems). Excluding the large Al2O3 aggregates facili-
tates the observation of microstructural changes. Their large size means that
they have minimal influence on the amount of water required for hydration of
the dry cement. The water demand hence does not have to be adjusted in the
matrix formulation, so that the water to cement (w/c) ratio can be kept con-
stant in the model system. Table 4.1 shows the composition of the silica-free
castable composition, which will be referred to as Formulation A.
To prepare Formulation A, 59.2 wt% tabular alumina (T60, 48 mesh, Alcoa
Inc., PA, US), 10.2 wt% calcined alumina (AC44B4, Alteo, France), 20.4 wt%
reactive calcined alumina (P125SB, Alteo, France), 10.2 wt% CAC (Secar 71,
Kerneos SA, France) 0.02 wt% citric acid (Jungbunzlauer AG, Switzerland)
and 0.061 wt% sodium tripolyphosphate (NaTPP, A-40-10, Rhodia SA, France)
were weighed and mixed dry for 4 min in a Hobart mixer. The blade of the
mixer has been modified to give increased shear as shown in Fig. 4.1.
The water is added and the components mixed for another 4 min. The
formed paste was subsequently poured into the desired shape for testing.
Vibration for 30 seconds at an amplitude of 0.5 mm helps the shear-thinning
paste to spread evenly in the moulds. The samples are cured for 24 h at
100% relative humidity and 20 ◦C in a curing room. Moulds are removed and
samples dried for 24 h at 110 ◦C. Once dried, the green samples can be heat-
treated and tested. Formulation B, the Al2O3-CaO-SiO2 system (see Table 4.2)
is prepared in the same way as Formulation A, with the addition of silica fume
(SiO2, Elkem 971U). The column wt% matrix marks the model castable system
tested in this thesis.
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Table 4.1: Formulation of castable A: the Al2O3-CaO system.
Complete designates the commercially available castable formulation, while
matrix indicates the model formulation where aggregates of size > 0.3 mm
have been excluded. NaTPP = sodium tripolyphosphate
Raw material Size wt% complete wt% matrix
Tabular alumina 6-14 mesh/ 1-3 mm 29.00 0
Tabular alumina 14-28 mesh/ 0.6-1 mm 22.00 0
Tabular alumina 48 mesh/<0.3 mm 29.00 59.20
Calcined alumina 4 µm 5.00 10.20
Reactive calcined
alumina
1.5 µm 10.00 20.40
Secar 71 3500 cm2/g 5.00 10.20
Water 5.50 11.20
Citric acid 0.02 0.02
NaTPP 0.06 0.06
Table 4.2: Formulation of castable B: the Al2O3-CaO-SiO2 system.
Complete designates the commercially available castable formulation, while
matrix indicates the model formulation where aggregates of size > 0.3 mm
have been excluded. NaTPP = sodium tripolyphosphate
Raw material Size wt% complete wt% matrix
Tabular alumina 6-14 mesh/ 1-3 mm 29.00 0
Tabular alumina 14-28 mesh/ 0.6-1 mm 22.00 0
Tabular alumina 48 mesh/<0.3 mm 29.00 59.20
Calcined alumina 4 µm 5.00 20.40
Silica fume 0.15 µm 5.00 10.20
Secar 71 3500 cm2/g 5.00 10.20
Water 5.00 10.20
NaTPP 0.06 0.06
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Figure 4.1: A) Modified laboratory cement mixer blade with added Kevlar
rim for shear, and B) close up to show how width of blade has been enlarged
to close the gap between original blade and mixer bowl.
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The amount of sodium already present in both systems was assessed using
the values stated in the supplier information of the individual components,
and the data obtained by X-ray fluorescence (XRF) on the same materials,
as listed below in Table 4.3. When taking into account the amount of each
component present in the systems, Formulation A contains > 0.25 or 0.29 wt%
Na, while > 0.28 or 0.31 wt% Na is present in Formulation B, based on the
supplier information and XRF results, respectively.
Table 4.3: Amount of Na2O present in individual components as stated in the
producer specifications and as measured by XRF, where values are in wt%
Na2O.
Secar 71
(CAC)
Calcined
alumina
Reactive
calcined
alumina
Tabular
alumina
Silica
fume
Product data sheet >0.50 0.36 0.03 0.4 0.15
XRF 0.28 0.29 0.08 0.5 0.12
4.2 Doping methods
The objectives for a suitable sodium dopant for the model castable were
twofold: to minimise any effects on the setting behaviour, and to be able
to remove any counterions so that the effect of only sodium could be studied.
The focus was therefore on low molecular weight sodium salts, with carbon-
based counterions, which can be removed during heating. Table 4.4 shows all
attempts made to introduce sodium into the castable. The salts sodium oxide
(Na2O), sodium carbonate (Na2CO3), and sodium acetate (CH3COONa, also
abbreviated NaOAc) were tested.
72
The direct synthesis of NaβA was attempted with the aim of replacing
a part of the pure Al2O3 components by the sodium-containing ones. The
synthesis was attempted based on the phase diagram shown in Fig. 3.12.
The Al2O3 components listed in Table 4.1 were dry mixed with Na2CO3 in a
88:12 wt ratio of Al2O3:Na2O, and heat treated for 6, 12, and 24 h at 1500 ◦C
in a platinum crucible. Unlike Folly et al., no pure NaβA was obtained in this
study. [61] Additionally, the PSD of the resultant Na-containing Al2O3 pow-
ders was altered significantly as they had sintered to each other. As a con-
sequence, the water demand for hydration was altered and made formation
of a paste impossible. Another downside of this approach is that, even if the
powders had been milled to the original PSD, the effect of NaβA formation on
castable properties could no longer be studied. This approach was therefore
abandoned.
A pressing method was tested, where up to 10 wt% of Na2O or Na2CO3
was dry mixed with the castable components, uniaxially pressed into pellets,
and heat treated (see Table 4.4 Pressing). Study of sodium-induced phase
changes is possible in such a system, but handling and any mechanical tests
were impossible due to the lack of cohesion between particles.
The addition of Na2O or Na2CO3 into the dry powder mix, as well as into the
hydration water, was unsuccessful (see Table 4.4 Into dry mix and Into water).
Both reactants are strongly basic, which leads to flash setting of the cement
before hydration is possible (see Fig. 3.5). The best way of introducing sodium
into a CAC-bonded refractory is therefore by addition of NaOAc, because its
base dissociation constant, pKb, 9.25 is closer to the pH of the green castable
paste.
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The NaOAc is dissolved in the water which is subsequently used to hydrate
the Al2O3 and cement powder (see Table 4.4 Into water). Wt% Na is calculated
in the following way:
NaOAc = 82.03 g mol−1
Na = 22.99 g mol−1
22.99/82.03 = 0.28 g Na in 1 g NaOAc
∴ 1 g NaOAc = 0.28 g Na
With a solubility in water of 123.3 g/100 ml at 20 ◦C, a maximum of 3.86 wt%
Na doping is possible.
Table 4.4: Evaluated doping methods, where NaβA synthesis indicates the
direct synthesis of NaβA, Into dry mix signifies the addition of the sodium
dopant into the dry Al2O3 and cement powder mix, Pressing labels uniaxial
dry pressing of all powders with the dopant, and Into water indicates the dis-
solution of the dopant in the water subsequently used for powder hydration.
Doping method Na2O Na2CO3 NaOAc
NaβA synthesis - Change in PSD -
Pressing Inferior properties Inferior properties -
Into dry mix No hydration No hydration -
Into water No hydration No hydration Success
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Due to the difficulty of characterising small changes in the heterogeneous
and multiscale microstructure of a refractory a diffusion couple set-up (see
Fig. 4.2) was used to facilitate observation of microstructural and phase
changes. A layer of calcium oxide (Sigma-Aldrich, MO, US) was added on
top of a layer of aluminium oxide (P125SB, Alteo, France) in an alumina cru-
cible to mimic interfaces in the castable. For doping, a sodium oxide bead
(Sigma-Aldrich, MO, US) was inserted in between the layers. The layer ex-
periment was heated at a 3 ◦C/min rate and exposed to 1500 ◦C for up to 6 h.
By means of EDX line scans along the interface between the layers, the phase
composition can be derived based on the assumption that no ternary Ca-Na
compounds exist consistent with the literature on the phase diagrams in these
systems discussed in Chapter 3. All of the detected Ca is hence assumed to
have reacted to form calcium aluminate phases, the proportion of which can
be calculated from the detected amounts of both elements. The same applies
to sodium aluminate phases.
Figure 4.2: Diffusion couple set-up of pressed alumina (Al2O3) and calcia
(CaO) powders, where A) represents an undoped sample and B) shows the Na
doping by means of a Na2O bead
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Chapter 5
Analytical Methods
5.1 X-ray Diffraction
Crystalline solids are composed of a regular array of atoms with a typical in-
teratomic spacing of a few angstrom. X-rays are high energy electromagnetic
radiation (100 eV to 100 keV) with wavelength of the correct order of mag-
nitude to diffract off the electrons surrounding the atoms in crystalline ma-
terials. Diffraction occurs when X-rays are scattered coherently from atomic
planes as expressed by Bragg’s Law:
nλ= 2d sin θ
where n is an integer and λ the wavelength of the X-ray, d the interplanar
spacing and θ the incidence angle of the incoming X-ray and the atomic plane.
At each diffraction angle which satisfies Bragg’s Law a peak is observed in the
diffractogram. The unique atomic planes in each material diffract at angles
specific to each material making X-ray diffraction (XRD) a convenient method
for identification by matching them against a database. [92]
An X’Pert PRO PANalytical diffractometer (Cu Kα tube, λ = 1.54 Å) was
used to produce the diffractograms in this work. It was operating at 40 kV
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and 40 mA. The scan range was from 5 ◦2θ to 70 ◦2θ with a 0.01◦2θ step size at
a scanning rate of 0.5 ◦2θ per min. The analysis was carried out using X’Pert
HighScore Plus. For phase identification the background was determined
automatically with granularity of 15 fits per scan and a bending factor of 5.
Peak search was done with a minimum significance of 1, the minimum and
maximum tip width was set to 0.01 to 1 ◦2θ, and the peak base width was
2 ◦2θ. For peak location the Minimum of Second Derivative technique was
used. Search-match parameters were restricted to elements present with no
known ◦2θ shift.
5.2 Quantitative XRD using Rietveld Refine-
ment
The Rietveld method is a structure refinement method. Least-squares refine-
ments are preformed until the best fit between a measured powder diffraction
pattern and a calculated pattern is reached. The calculated pattern is based
on a model for the crystal structure and other sample features, as well as
instrument characteristics which are refined at the same time.
A measure of the agreement between model and experimental data is
given in the Goodness of Fit (GOF) value, which is based on the agreement in-
dices or residuals, R. [93, 94] The best convergence possible as expressed by
the GOF is the best least-squares fit between the Rietveld model and the data
as expressed by Rcalc and the best observed convergence is Robs as defined in
Equations 5.1 and 5.2. [95]
Rcalc =
M − P∑
wm ∗ Y 2obs
(5.1)
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Robs =
∑
wm(yobs − ycalc)2∑
wmY 2obs
(5.2)
where
yobs is observed intensity at each increment
ycalc is calculated intensity at each increment
M is the number of data points
P is the number of parameters
wm is the weighting given to each data point m
The Goodness of Fit is calculated as shown in Eq. 5.3:
GOF = χ2 =
Robs
Rcalc
(5.3)
A graphical representation of the best convergence is given in a difference
plot, where the difference between the Rcalc and Robs profiles is shown.
Quantitative phase analysis was performed using the X’Pert HighScore
Plus Rietveld Refinement tool. Diffraction patterns were characterised ini-
tially using the compound database available in HighScore Plus and a com-
pound library established based on the phases found present. Background
determination and peak search was done with the same parameters as out-
lined in Section 5.1. The refinements were carried out in automatic mode
which treats all phases in the same way in a predefined sequence. Param-
eters edited in each refinement are the scale factor, flat background, zero
shift, lattice parameters, and U, V, W (peak width half maximum). The scale
factor parameter enables modification of the weight ratio of each phase, the
flat background parameter allows flattening the background, zero shift moves
the spectrum to correct for systematic error, the lattice parameter option al-
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lows for the lattice parameters to be varied during refinement, and U, V, and
W allow for variation of the peak width. A Pseudo-Voigt approximation (a
combination of a Gaussian and Lorentzian curve) was used as a peak-shape
function.
The error associated with the Rietveld quantification is discussed in the
respective chapters for each type of sample (for Formulation A see Chapter 6
and for Formulation B see Chapter 9).
5.3 High Temperature X-ray Diffraction
High Temperature X-ray Diffraction (HTXRD) measurements at elevated tem-
peratures were performed on a PANalytical X’Pert diffractometer with a
Buehler high temperature chamber shown in Fig. 5.1 Measurements on green
samples were carried out using a 3 ◦C/min heating rate to 1150 ◦C. Measure-
ments were taken at 50 ◦C intervals, following a 1 min equilibration period.
Figure 5.1: Heating chamber of the high-temperature diffractometer
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With the use of HTXRD phase changes can be monitored at closer temper-
ature intervals reducing the risk of missing any. The maximum heating range
of the HTXRD was limited and quenching experiments were used for tempera-
tures > 1150 ◦C. To maintain a balance between regular temperature intervals
and accuracy of the scan the 2θ range was limited to 15 - 40 ◦2θ with a scan
time of 20 min and a step size of 0.0411 ◦2θ. The limited 2θ range makes
quantitative analysis on HTXRD scans more difficult. Quantitative analysis
was therefore carried out on quenched samples.
5.4 Scanning Electron Microscopy and Energy
Dispersive X-ray Spectroscopy
Scanning Electron Microscopy (SEM) uses an electron beam to produce an
image. The incident or primary beam is produced at the electron gun on top
of the microscope and is focused on its vertical path down the microscope
towards the sample. The interaction between the beam and the sample gen-
erates a range of signals which can be used for imaging or analysis. Signals
include secondary electrons (SE), backscattered electrons (BSE) and charac-
teristic X-rays. [96]
SE are produced by inelastic interactions of primary electrons with the
valence electrons in the sample which causes the electron from the atom to
be ejected. Depending on the energy of the incoming electron it can lead to
the ejection of electrons of the low energy shells of the atom in the sample.
Electrons from higher energy shells will drop down to fill the created gap, re-
leasing energy in the form of a photon whose energy is unique for a particular
element. The energy released is specific to the energy between atomic shells.
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This feature is used in Energy Dispersive X-ray Spectroscopy (EDX) to
measure elemental composition.
BSE are elastically scattered incident electrons. The incoming electron is
attracted by the nuclear charge of the atom in the sample and travels around
its trajectory. The larger the atomic number (Z) of the atom, the more accel-
eration the incoming electron will experience. In BSE mode features with a
larger Z will therefore appear brighter as more higher energy electrons can
reach the BSE detector. [97]
The volume of the electron interaction of SE, BSE and X-rays with the sam-
ple forms a tear-drop shape. This interaction volume depends on the accel-
erating voltage of the incoming electron beam as well as the sample density.
SE are low in energy (< 50 eV) and therefore cover only a small area while
BSE (≤ 10 keV) can be collected from a larger volume. [98, 99] The spatial
resolution of BSE is therefore worse than from SE. X-rays are of much higher
energy and therefore cover the largest volume. [96]
Both Secondary Electron Images (SEI) and BSE Images were obtained
using a JOEL JSM-6010LA InToucheScope and a JSM6400 both with an accel-
erating voltage of 20 kV and a working distance of 15 mm. Semi-quantitative
elemental analysis was carried out on the latter machine using an Oxford
Instruments INCA energy dispersive analytical system (EDX) on polished
sections using a cobalt standard.
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5.5 Scanning Electron Microscopy with Wave-
length Dispersive X-ray Spectroscopy
WDS uses isolated X-rays generated by electron beam interaction with the
individual elements in the sample (see Section 5.4) to generate quantitative
analyses. An Electron Probe Micro Analysis (EPMA) uses multiple WDS spec-
trometers to measure multiple elements simultaneously. As shown in Fig. 5.2
X-rays generated in the sample are diffracted and interact with a silicon sin-
gle crystal. The crystal has specific lattice spacings hence only those which
satisfy Bragg’s Law (see Section 5.1) are diffracted and travel to the detec-
tor. [100] Standards are used to compare against the measured X-ray inten-
sities and derive a quantification based on that. Due to the use of standards
95% of the results fall within 5% of the relative error margin. [97, 101] The
detected quantities in the WDS line scans have been corrected for by the
standard deviation as well as the detection limit at each point. For Na the
standard deviation is 0.06 wt% and the detection limit 200 ppm.
Figure 5.2: Scheme of the geometric configuration of a WDS spectrometer.
Modified from [100].
82
Quantitative elemental analyses was carried out using a Cameca SX100
Electron Probe Micro-Analyser (EPMA) with Wavelength Dispersive X-ray
Spectroscopy (WDS) and SEM in the Natural History Museum, London, at an
accelerating voltage of 20 kV with a 2 µm spatial resolution between analysis
points. The standards used are listed in Table 5.1
Table 5.1: Mineral Standards for quantitative WDS analysis.
Standard Composition of standard [wt%]
Na, Jadeite (STD 048) O: 47.6, Na: 11.28, Mg: 0.05, Al: 13.33,
Si: 27.79, Ca: 0.08
Al, Corundum (STD DIC) Al: 52.92, O: 47.08
Ca, Si Wollastonite (STD097) O: 41.04, Si: 23.8, Ca: 34.16, Fe: 0.6,
Mn: 0.05
5.6 Focused Ion Beam Characterisation
Thin foil samples for subsequent TEM analysis (see Section 5.7) were pre-
pared using a Helios NanoLab600 with a focused ion beam (FIB) unit. Fig 5.3
shows the sequence used to prepare the foil from a bulk sample. An area
is selected (Fig 5.3A) onto which platinum is then deposited (Fig 5.3B). A
30 kV gallium ion beam is used to sputter the region around the selected area
digging trenches on either side (Fig 5.3C). Before the sample is completely
detached from the bulk, it is welded to a manipulator using the platinum and
lifted out (Fig 5.3D). Once attached to a copper grid (Fig 5.3E), the foil can
be thinned down to ± 150 nm thickness (Fig 5.3F).
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Figure 5.3: Preparation of a FIB sample. A) Selection of area, B) Deposition
of platinum, C) Removal of material around the area of platinum by 30 kV
gallium ion (Ga+) sputtering, D) Tilted view of foil which has been welded
to a platinum manipulator and is ready to be lifted out, E) Foil is attached
to copper holder, F) Foil has been thinned down by lower current Ga+ ion
sputtering to ± 150 nm thickness.
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5.7 Transmission Electron Microscopy
A JOEL JEM-2100F TEM was used at 200 kV to resolve microstructural fea-
tures at the nanoscale. A schematic can be seen in Fig. 5.4. Electrons are
accelerated from a filament down the microscope column, towards the sam-
ple. Prior to interacting with the sample the electron beam is focused via
a series of electromagnetic lenses. The first and second condenser lenses
are used to generate a coherent beam. The condenser aperture restricts the
beam further by removing any high angle electrons. The beam interacts with
the sample, which is thin enough (< 150 nm) to allow partial transmission
of the electrons. The beam is subsequently focused by the objective lens.
The objective aperture located in the image plane can be used to restrict the
beam for enhanced contrast, while the selected area aperture, located in the
backfocal plane of the objective lens, can be used to select beams for sub-
sequent image formation. A series of electromagnetic lenses subsequently
magnify the spatial information of the transmitted beam and it is recorded as
a bright-field image once it hits the fluorescent screen on the bottom of the
TEM column. [102]
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Figure 5.4: Schematic of TEM components. Modified from [102].
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5.8 Resonance Frequency and Damping
Analyser
Modulus of elasticity and damping were measured using a Resonance Fre-
quency and Damping Analyser (RFDA) built by IMCE, Belgium, in accordance
with ASTM E1876-09. [103] Modulus of elasticity, also known as Young’s mod-
ulus or elastic modulus, is the resistance of a materials to elastic deformation.
As it is the slope of a stress (σ) against strain () plot, a higher value of elastic
modulus means the stiffness of this material is higher. [104]
In the RFDA the specimen is mechanically excited by a ceramic impulse
tool as shown in Fig. 5.5. The energy form the impulse is dissipated in form
of vibrations. A microphone senses the resulting vibrations, which are fast
Fourier transformed by the RFDA software. Young’s modulus for bars with
square cross-sections is calculated using Equation 5.4.
E = 0.9465 ∗
(
m ∗ f 2
b
)
∗
(
l
h
)3
∗ T (5.4)
where f is output frequency [Hz], m is sample mass [g], b sample width [mm],
l length [mm], and h specimen height [mm]. T is a correction factor, which is
defined by Equation 5.5. In this equation v is Poisson’s ratio. [105]
T = 1 + 6.585 ∗ (1 + 0.0752v + 0.8109v2)(h
l
)2
− 0.868
(
h
l
)4
(5.5)
−
[
8.34 ∗ (1 + 0.2023v + 2.173v2) (h
l
)4
(1 + 6.338 ∗ (1 + 0.1408v + 1.56v2) (h
l
)2
]
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Figure 5.5: Sample mounted on alumina set-up inside RFDA furnace.
The error associated with the stiffness measurement will be discussed with
respect to the individual types of samples (for Formulation A see Chapter 6
and for Formulation B see Chapter 9).
Damping or the internal friction of a sample can also be analysed. Damp-
ing occurs when the applied stress forces defects in the crystal structure to
rearrange into more favourable positions. The mechanical impulse shifts the
system to a higher energetic state and the loss of energy to an equilibrium
position is recorded as damping. Damping (Q−1) is defined as the dissipated
energy over the stored energy as shown in equation 5.6. Changes in the phase
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composition and microstructure can be observed by changes in the damping
behaviour, as for example, a low viscosity phase will absorb more energy than
a crystalline phase, resulting in a rise in damping.
Q−1 =
(
Edissipated
Estored
)
(5.6)
Rectangular bars (70×20×10 mm) were heated at a 3 ◦C/min rate to 1550 ◦C,
allowed to dwell for 20 min, and cooled at the same rate. The sample was
struck every 30 seconds over the thermal cycle. To evaluate the error as-
sociated with the measurement of damping it was repeated 10× at room
temperature on the pure Al2O3 standard (weight = 150 g, length = 80 mm,
height = 8 cm, width = 4 cm) provided by IMCE. The standard deviation of
Q−1 for this measurement is 0.000349%. Other factors can increase the as-
sociated error, such as the location of the sample on the nodes which might
change as the sample is heated up under regular impulses, resulting in a
change of the decay of the frequency. The dimensions of the samples tested
also affects the capacity of damping. As the dimensions of the individual
castable samples tested can vary, so does the damping from sample to sample.
Additional sounds, e.g. from the movement of the sample, or the movement
of the impulse device, can result in other frequencies. The other vibrations
might overlap and interfere with the frequency of interest, resulting in in-
correct damping values. As the measurement error is so strongly sample-,
machine-, and technique-dependant, the standard deviation outlined above is
taken as the baseline error of the damping measurement.
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5.9 Elastic Modulus by Pulse-Echo Technique
Young’s modulus was also measured using a pulse-echo technique to allow
comparison between both techniques. The pulse-echo set-up is available at
the Kerneos Research Centre in Lyon, France. In this technique the sample
is glued to the top end of a vertically mounted 1 m long alumina tube with
alumina-based glue (see Fig. 5.6). The lower end of the alumina tube ends in
a pointed face connecting to a 1 m long vertically placed glass rod. The lower
end of the glass rod is connected to a magnetostrictive transducer operating
at 38 kHz. From the transducer the signal goes via an amplifier to a nu-
merical oscilloscope and to a computer. Young’s modulus can be determined
from the longitudinal-wave velocity, vL, according to Equation 5.7 where ρ is
density. [45]
E = ρ ∗ v2L (5.7)
In the echo mode, the velocity of the wave for a round trip from the trans-
ducer to the sample and back is measured. At each boundary between two
materials the ultrasonic wave is partially reflected back and partially trans-
mitted through the buffer rod line resulting in multiple echoes: the first echo
occurs at the glass-alumina rod interface, the next at the alumina-sample in-
terface, and another at the top of the sample. The reflected and returning
echoes undergo the same process again and the amplitude is measured.
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Figure 5.6: Pulse echo technique set-up. Modified from [106].
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5.10 Dilatometry
Dimensional changes with temperature, such as thermal expansion, perma-
nent linear change associated with phase transformations, or sintering shrink-
age, were measured using a Netzsch 402E dilatometer (see Fig. 5.7). Cylin-
drical samples with 6 mm diameter and 7 mm length were placed between
alumina push rods and the temperature increased to 1480 ◦C at a heating
rate of 10 ◦C/min. 1480 ◦C was the maximum temperature achievable on the
machine. After a dwell time of 3 h the samples were cooled at a 20 ◦C/min rate
without measuring shrinkage. The contact load exerted by a similar dilatome-
ter was estimated to be 1.5 N. [107]
Figure 5.7: A) Netzsch 402E dilatometer, and B) Sample chamber of the
dilatometer where the sample can be placed between the Al2O3 push-rod on
the left and the spacer on the right.
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5.11 Thermogravimetric and Differential
Thermal Analysis
In thermogravimetric analysis (TGA) the mass of a sample is followed as a
function of temperature or time to allow quantification of water loss, or de-
composition and oxidation reactions. TGA is carried out in parallel with dif-
ferential thermal analysis (DTA), which measures the temperature difference
between the sample and a reference material also with respect to tempera-
ture or time. An empty alumina crucible functions as the reference material
while the sample is contained within a nominally similar crucible. The sample
cell lags behind during heat up due to a difference in heat capacity between
the reference and sample cell, leading to fluctuations in the measurement.
The temperature difference reaches a static state when both cells follow the
temperature program set by the furnace, and hence functions as the baseline
for subsequent heat changes. Endothermic and exothermic reactions in the
sample result in lagging behind or heating up of the sample cell compared to
the reference cell. This deviation from the baseline is represented as peaks.
Endothermic peaks are herein shown as negative peaks, while exothermic
peaks are presented as positive peaks. [108]
All measurements were carried out on powder samples on a Netzsch TG
449 F1 Jupiter Thermo-Nanobalance combined TG-DTA at a heating rate of
5 ◦C/min up to 1550 ◦C. Prior to the measurement samples were dried for
24 h at 110 ◦C and kept under vacuum in a desiccator until tested to reduce
mass fluctuations due to water uptake.
93
Various sources of error can affect the thermal analysis. Temperature gra-
dients from the sample surface to the centre lead to incorrect measurements
as the sample temperature is not defined. This can be limited by reducing the
sample size and the heating rate. [109] The heterogeneous nature of casta-
bles makes it necessary that a large volume of sample is ground to a powder
of ∼ 200 µm average particle size, so that all sample components are rep-
resented in the analysis. The analysed sample volume should therefore be
large enough to be representative of the sample, but small enough to avoid
temperature gradients. The resistance of a a partial pressure of product gas
over the sample and their potential density changes with temperature might
also affect the reading. This can be avoided by keeping the gas flow rate
high. [109]
5.12 High Temperature Creep Testing
The time-dependent permanent deformation of a material under load is called
creep. Creep is a plastic deformation driven by the kinetics of atomic scale
processes, such as dislocation gliding or climbing, diffusion, or grain bound-
ary sliding, which occur at relatively low rates below the yield point of a ma-
terial. [110] Various stages for dislocation creep are defined and shown in
Fig. 5.8. The initial exposure to load leads to an instantaneous elastic defor-
mation (), but not creep, and hence primary creep does not start at  = 0.
The initial creep rate during primary creep is high, but slows with time due
to strain hardening. The rate of creep is constant during secondary or steady
state creep (Fig. 5.8). All subsequent measurements are carried out during
the steady state stage.
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At constant temperature (T) the creep rate () can be calculated from equa-
tion 5.8, where A = creep constant, σ = applied stress, n = stress exponent,
Q = activation energy [J mol−1], and R = gas constant [J mol−1 K−1].
 = Aσnexp−(
Q
RT
) (5.8)
Steady state creep can be classified based on the stress dependence of the
creep rate. When n = 1 creep occurs due to diffusional or viscous flow, and
when n = 3 - 8 creep is driven by the motion of dislocations. The stress
exponent, n, can be determined by plotting ln  against ln σ. A plot of ln 
against 1/T can provide information on the activation energy of the creep
mechanism. [104] The slope in Fig. 5.8 increases sharply during the stage
labelled tertiary creep. The enhancement of creep in this stage is the result
of stress concentration due to a reduction in cross-sectional area or crack
formation during failure of the sample.
Compressive creep measurements were carried out in an Materials Re-
search Furnaces Inc. (MRF) vacuum furnace containing a custom build test
rig (see Fig. 5.9A). The graphite push rods are contained within molybdenum
heat shields. The rig is mounted in a Mayes 100 kN test frame with a 25 kN
load cell. Before creep tests were carried out samples were heat treated for
6 h at 1500 ◦C. Cylindrical samples (22 mm diameter, 45 mm height) were
placed between the two push rods and heated under a compressive pinch
load of 0.4 MPa to 1100 - 1500 ◦C. After a 30 min equilibration period at the
desired temperature the test load was applied. Tested loads range from 2 -
8 MPa and deformation was measured under constant load for at least 90 min
to ensure steady state creep.
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The error was assessed by repeating the creep measurement on 3 differ-
ent samples at one temperature and load. Due to the duration of the test this
was only done on selected samples as indicated by the error bars. The vari-
ability arises due to the heterogeneity of the castable sample: the preparation
method can affect pore sizes, and the presence of the hard aggregates and
the softer matrix enhances the difficulty of preparing a flat surface for the
test.
Figure 5.8: Graph of strain as a function of time showing the stages of creep.
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5.13 High Temperature Strength Testing
Flexural strength was measured in the same furnace and load cell as the
creep behaviour (see Section 5.12) with a three point bend add-on to the test
rig as shown in Fig. 5.9B in accordance with ASTM C583-00. [111] Flexural
strength is calculated as follows:
Flexural strength =
3PL
2bd2
(5.9)
where P = load at rupture [N], L = span of supports [mm], b = breadth or
width of sample [mm], and d = depth of sample [mm]. 28×7×5 mm samples
were tested on a 15 mm span. No load is applied while the specimens are
heated to temperatures between 900 - 1500 ◦C. Following 30 min at the de-
sired temperature to allow for equilibration, the load is applied until fracture
occurs.
The variability associated with the MOR test was found to be as high as
± 5 MPa. The variability was assessed by carrying out multiple repeats of the
test: at room temperature 5 samples were tested, but for tests not carried out
at room temperature, the duration of the test limited the number of repeats,
and hence a maximum of 2 repeats per temperature were carried out. The
error associated with the measurement arises due to similar reasons as those
outlined in Section 5.12.
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Figure 5.9: A) MRF furnace within custom rig, and B) Three point bend
set-up.
5.14 Thermodynamic Modelling using FactSage
Thermodynamic modelling can complement experimental results by acting
as a tool for prediction or confirmation. The data is relevant for any sys-
tem at thermodynamic equilibrium. While refractories manufacturers aim to
operate using materials approaching or at equilibrium to avoid change in ser-
vice, this is not always possible. The large particle size distribution (PSD)
of a castable can hinder diffusion processes which lead to thermodynamic
equilibrium, and thus result in the formation of local equilibria. While the
thermodynamics of local equilibria can differ from the overall predicted one,
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thermodynamic modelling is nevertheless a useful tool. [112] Thermodynamic
calculations have been carried out using the Gibbs Energy minimisation soft-
ware package FactSage 6.2, Thermfact Inc. and GTT-Technologies, Montreal,
Canada. [113, 114] The FToxide database is used for all calculations as it con-
tains solid and liquid oxide compounds, including the relevant oxides Al2O3,
CaO, SiO2, and Na2O. The Phase Diagram module was utilised for any phase
diagrams or liquid projections, while the Reaction module helped to evaluate
the thermodynamics of phase formations and their temperature dependence.
The specific solution data used for each calculation is outlined in each caption.
5.15 Density measurement
The bulk density of the samples was evaluated using immersion in oil based
on Archimedes’ principle. Bulk density was calculated as shown in Equa-
tion 5.10. [115]
Bulk density =
dry weight
saturated weight− submerged weight × oil density (5.10)
where: dry weight = weight of the sample after drying at 110 ◦C for 24 h,
submerged weight = the weight of the sample submerged in oil, and satu-
rated weight = the weight of the sample which has been saturated with oil
after any external oil residue has been removed. Oil was used rather than
water to prevent any reaction or dissolution of the green samples during the
measurement. The density of the oil used was 0.86 g cm−3. Density measure-
ments were repeated after sample immersion in oil for 1 h and for 24 h prior
to testing, but no difference was found with regards to the density measured.
For the green samples, relative density is calculated with respect to the
theoretical densities of the individual components as stated in the manufac-
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turer product specifications, while it is relative to the sum of true densities
of phases identified using Rietveld phase quantification for heat treated sam-
ples.
At each temperature the Archimedes measurement is the average of 3
different samples. The error associated with the analyses was 2 vol%. In
addition, the % error identified with the phase quantification for undoped
(± 1.4 wt%) and doped (± 1.6 wt%) systems (see Chapters 6 and 7) was
taken into account when the densities of the phases were used as a reference
material for the relative density measurements.
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Chapter 6
Refractory Formation in the
Al2O3-CaO System
The analyses of the undoped Formulation A provides a guide for the results in
the ensuing chapters in a twofold manner: the data firstly serve as a control
that the preparation method is consistent with data published elsewhere, and
secondly it can be used as a baseline for comparison with the doped systems.
6.1 Results
The phase changes of a green system during the first exposure to heat were
followed using X-ray diffraction (XRD) as shown in Fig. 6.1. For temperatures
from 300 - 1150 ◦C high temperature XRD (HTXRD) was used, but due to the
temperature limitations of the equipment, measurements at higher temper-
atures were carried out using air quenching of samples from the respective
temperatures with subsequent XRD analysis. The heating rates and dwell
times were kept constant for both measurements.
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In agreement with the phase evolution outline in Section 3.4, the formation
of C12A7 occurs between 800 - 1000 ◦C (see Fig 6.1A). CA forms at 900 ◦C, and
continues to react with Al2O3 to form CA2 from 1100 ◦C. The formation of CA2
continues as the temperature rises to 1500 ◦C. At this point crystallisation of
CA6 can also be observed (see Fig 6.1B).
The amounts of these phases have been quantified as shown in Fig. 6.2.
All quantifications were carried out on quenched samples as outlined in Sec-
tion 5.
The C12A7 plot does not show a significant peak, as it formed between
quenching intervals. Consistent with Fig. 6.1A, the CA content reaches a
maximum of 4.7 ± 1.4 wt% after heating to 1150 ◦C (the evaluation of the
error associated with the phase quantification of undoped Formulation A is
outlined below). At 1300 ◦C the highest amount of CA2 (11.2 ± 1.4 wt%) is
observed. Crystallisation of CA6 takes place after heating to 1500 ◦C. The
amount of Al2O3 decreases as heating temperature increases, in agreement
with the suggested reaction of Al2O3 with calcium aluminate phases to form
phases with increasingly higher Al2O3 content. [34, 35, 36] Once the maxi-
mum amount of CA6 (36.5 ±1.4 wt%) has formed, no further reaction between
CaO and Al2O3 is possible as all the CaO is used up. This is reflected in the
constant Al2O3 plot 30 min into the isotherm at 1500 ◦C.
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Figure 6.1: A) High temperature XRD patterns of Formulation A from 700 -
1150 ◦C at 50 ◦C intervals following a 1 min equilibration period, and B) XRD
patterns of Formulation A samples after heating to 1150 - 1500 ◦C followed
by air quenching. The heating rate for both measurements was 3 ◦C/min.
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Figure 6.2: Phase quantification in an undoped sample, where the left Y-axis
shows wt% C12A7, CA, CA2, CA6 and NβA, the right Y-axis shows wt% Al2O3.
The X-axis shows the increase in temperature to 1500 ◦C, followed by the time
in h at 1500 ◦C. Quantification has been carried out on air-quenched samples.
The lines connecting the points aid the visual recognition of the phase trends.
The repeatability of the phase quantification has been tested by evaluat-
ing the results from 3 batches of Formulation A quenched after 6 h. The
standard deviation is 0.3 wt% given the best fit for each sample. Since the
composition of the sample agrees well with the literature, mismatching or
incomplete assignment of phases is unlikely. [9, 13, 32, 33, 37, 45] Taking
into account that CaO is the limiting reactant in this system, the maximum
formable quantity of CA6 can be calculated based on the CaO content sug-
gested in the Secar 71 product specifications (see Table 3.4 and Appendix A).
The difference between the quantified and the maximum formable amount of
CA6 is within 1.4 wt%. The standard deviation would increase with variations
in Secar 71 composition. For systems not at equilibrium, or containing more
elements, the variability is expected to be higher. In the undoped case, the
Rcalc (the best possible convergence between Rietveld model and data) is 3.4,
while Robs (the observed convergence) is 6.9, and the best Goodness of Fit
(GOF) achieved is GOF = 2.3. No rule-of-thumb exists for differentiating reli-
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able from unreliable fits based on the R-factor fit (Robs compare to Rcalc) and
GOF, and most fits are reported for single-crystals. [95]
If GOF > 1, various possibilities have to be considered other than the fit
of the structural model, including the background fit and the peak shape fit.
The background fit has been determined as outlined in Section 5.1 and chang-
ing granularity and bending factor to 1 and 0 respectively does not alter the
quantification. The same is true for changes in the peak shape function since
all available peak shapes (Pseudo-Voigt, Pearson 7, Voigt, Pseudo Voigt 3)
give the same result. Other factors to consider when GOF > 1, according to
Toby [95], is that a high count number in the collected data overemphasises
small imperfections in the fit and as a consequence the convergence between
observed and computed data is smaller than in a pattern with lower count
rate. A high count is, however, essential if other phases are to be identified
in a castable with ∼ 96 wt% Al2O3. A similar problem occurs when the reso-
lution of the collected data is high, which is again necessary to identify small
amounts of dopants. This must be taken into account when evaluating the
difference plot in Fig. 6.3 (see Section 5.2 for an explanation of the difference
plot). Since Al2O3 constitutes the highest proportion of phases in the system,
the discrepancy for its peaks is the highest.
The relative densities of samples quenched from various temperatures can
be estimated with the aid of the phase quantification data. Fig. 6.4 shows the
change in density with temperature. The higher the temperature the sample
is exposed to, the lower its density due to the loss of low density hydrate
phases. For the error associated with the relative density measurements see
Section 5.15.
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Figure 6.3: A) Fit between Rcalc in blue and Robs in red from Rietveld re-
finement, and B) difference plot between both for Formulation A from a 20 -
70 2 ◦2θ.
Figure 6.4: Relative Archimedes density of green Formulation A with re-
spect to the theoretical densities of the individual components as stated in
the product specifications, and of quenched samples with respect to densities
from phase quantification.
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As the green body is heated for the first time, a reduction in elastic mod-
ulus from 37 GPa to 22 GPa occurs between 200 - 300 ◦C (see Fig. 6.5A).
The loss in stiffness is accompanied by an increase in damping. Over the
same temperature range, a mass loss of 3.5% takes place, and the dilatome-
try signal shows a 0.1% shrinkage (Fig. 6.5C). The stiffness remains constant
at ∼ 22 GPa between 300 - 1000 ◦C. The damping signal shows some fluc-
tuations between 300 - 900 ◦C, followed by a peak at 900 - 1150 ◦C. During
this temperature range the sample mass steadily decreases. A 1.5% linear
expansion takes place in the same range, which is comparable to the linear
expansion of the Al2O3 standard. As the temperature exceeds 1000 ◦C, the
elastic modulus signal starts to rise and a significant increase in damping oc-
curs from 1150 ◦C onwards (Fig. 6.5A). The rise in damping is accompanied
by a broad exothermic peak in the DTA curve (Fig. 6.5B). From ∼ 1100 ◦C
expansion is enhanced, until it levels off at 1300 ◦C. At T > 1300 ◦C ∼ 0.4%
shrinkage occurs (Fig. 6.5C). At 1500 ◦C stiffness reaches ∼ 42 GPa.
Upon cooling, between 1500 - 1400 ◦C, elastic modulus gradually in-
creases, caused probably by any amorphous components becoming more vis-
cous. This is also reflected in the decreasing damping signal. Further cooling
results in the expected stiffening of the material associated with the shorten-
ing of atomic bonds. The damping peak, which occurred between 900-1150 ◦C
on heating is not present on cooling.
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Figure 6.5: A) Elastic modulus and damping evolution, B) TG-DTA, and C)
Linear thermal expansion of undoped Formulation A (where dL is the change
in length with temperature and Lo is the initial sample length).
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The variability associated with the elastic modulus measurement was as-
sessed by repeating it 3 times on samples from different batches as shown
in Fig. 6.6. This serves to assess the error arising from differences in sam-
ple preparation, the intrinsic heterogeneous microstructure of the castables,
or the measurement itself. Tests 1 and 3 both show a green stiffness of
∼ 35.5 GPa and similar behaviour up to 1500 ◦C, but Test 1 reaches a slightly
higher stiffness at 1550 ◦C. This is reflected in the higher stiffness on cooling,
where Test 1 reaches 58 GPa and Test 3 only 55 GPa. With 42 GPa the green
stiffness of Test 2 is larger than in both other batches. This trend continues
upon cooling, where Test 2 shows the highest elastic modulus with 63 GPa. All
batches show the same trends with temperature, and the difference between
green and heat treated stiffness for all batches is 21 ± 2 GPa.
Figure 6.6: Repetition of elastic modulus measurement of 3 different batches
from Formulation A to assess the error associated with the measurement.
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Equation 5.4, which was used to calculate the elastic modulus in the RFDA,
shows a dependence on the sample dimensions. The aforementioned results
however show that the proportions of the specimen change during the heat
treatment. Using the measured thermal expansion, a comparison was carried
out to evaluate the effect of dimensional changes on elastic modulus using the
following relationship, where α is the observed thermal expansion per ◦C:
l = lo(1 + α ∗ δ ∗ T ) (6.1)
110 ◦C was chosen as a lower cut-off point to allow for a consistent rate of
heating. Since all samples have been dried at this temperature prior to test-
ing no significant dimensional changes should occur below 110 ◦C. The aver-
age measured thermal expansion (α used in Equation 6.1) in Formulation A
is 1.3×10−5 mm ◦C−1 at T > 110 ◦C. Fig. 6.7 compares the corrected and un-
corrected elastic modulus. On cooling from 1500 to 800 ◦C a small deviation
can be seen. Considering the variability associated with the elasticity mea-
surements, as shown in Fig. 6.6, the effect of dimensional changes on elastic
modulus is negligible.
The error associated with the stiffness measurement, as shown subse-
quently in the form of error bars, is therefore based on the repeatability test.
The error is ± 2 GPa. In an attempt to not overload the presented data, the
error bars are only shown on individual points on heating and cooling, rather
than on each one.
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Figure 6.7: Elastic modulus measurements of Formulation A corrected and
uncorrected for thermal expansion. The average thermal expansion, as mea-
sured in the dilatometer, was 1.3×10−5 mm ◦C−1, which was used in Eq. 6.1
to correct Eq. 5.4 for the dimensional change.
The continuation with time at 1500 ◦C of the linear thermal expansion be-
haviour outlined above in Fig. 6.5C is presented in Fig. 6.8. The graph shows
the behaviour of the same sample once it reaches an isotherm at 1500 ◦C. Fol-
lowing the 0.25% shrinkage between 1300 - 1500 ◦C, expansion is observed
during the first 40 min of the hold at 1500 ◦C. No further dimensional changes
occur afterwards. On reheating, the expansion follows a similar trend as the
Al2O3 standard with no additional shrinkage or expansion detected (Fig. 6.8
2nd run). The data obtained during reheating have been normalised to the
initial length of the room temperature green sample to allow comparison of
the expansion behaviour. The second time the sample is exposed to 1500 ◦C
during the isotherm a slight shrinkage can be seen which is likely due to ex-
perimental drifting rather than actual sample shrinkage.
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Figure 6.8: Linear thermal expansion of Formulation A green and heat
treated, as well as an Al2O3 standard shown during the heat-up to 1500 ◦C
and during a 140 min isotherm. The heat treated data have been normalised
by the room temperature length of the green sample, which is a correction of
-0.4% linear expansion.
The heterogeneous microstructure of the model castable is shown in
Fig. 6.9. The EDS and WDS maps in Fig. 6.9 and Fig. 6.10 respectively show
that the matrix consists of a mixture of calcium (Ca) and aluminium (Al), while
the larger features are alumina. This is consistent with the composition and
PSD outlined in Table 4.1. The WDS maps are non-quantitative but the scale
on the right-hand side of the images gives an idea of the local intensities of
each element.
Using a diffusion couple set-up (see Fig. 4.2A for diffusion couple arrange-
ment), the phase formation along the Al2O3-CaO interface is observed as
shown in Fig. 6.11. Consistent with the results from the XRD experiments
outlined above, CA, CA2 and CA6 can be identified with increasing distance
from the bulk of CaO into the Al2O3.
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Figure 6.9: Backscattered electron images and EDS maps for Al and Ca in
Formulation A after heat treatment at 1500 ◦C for 6 h.
Figure 6.10: WDS maps of A) Al and B) Ca after heat treating Formulation A
at 1500 ◦C for 6 h.
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Figure 6.11: Diffusion couple set-up of compressed powders of Al2O3 and
CaO (as shown in Fig. 4.2A and labelled here in the top left and bottom right
corner of the image) to simulate Formulation A after a 6 h heat treatment
at 1500 ◦C. EDX line scans (wt%) show the amounts of Al2O3 and CaO de-
tected along the interface. The central points indicate the location of the EDX
measurement.
Fig. 6.12 shows the elastic modulus and damping behaviour of a consol-
idated Formulation A during the second heat treatment. Consolidated de-
scribes the fact that thermodynamic equilibrium has been achieved due to
prior heat treatment. A gradual drop occurs over the temperature range, sim-
ilar to the cooling behaviour during the first heat exposure shown in Fig. 6.5A.
The drop between 1400 - 1500 ◦C is no longer observed as the signal is lost
at the highest temperatures. Some fluctuations in the damping trace can be
seen, especially on cooling. A sharp increase occurs from 1300 ◦C onwards,
which is reversible on cooling.
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Figure 6.12: Elastic modulus and damping behaviour of a consolidated sam-
ple of Formulation A.
6.2 Discussion of Refractory Formation in the
Al2O3-CaO System
The evolution of elastic modulus and damping in green undoped castable sam-
ples as they are heated and cooled is shown in Fig. 6.5A. Consistent with pre-
vious work [32, 45], the data show a significant reduction in elastic modulus
during the first 300 ◦C due to dehydration of C3AH6 and AH3. The reduction in
elastic modulus correlates with an increase in damping. The frictional damp-
ing is a consequence of dehydration which reduces bonding and allows parts
of the microstructure to slide over one another. The loss in water is reflected
in the reduction of mass, and the endothermic peak, apparent on Fig. 6.5B
in the same temperature range. Fig. 6.5C shows that the sample undergoes
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a slight shrinkage, which also corresponds to the mass reduction. The re-
duction in sample density between room temperature and 1100 ◦C shown in
Fig. 6.4 is also a consequence of the loss of water.
Between 300 - 1000 ◦C elastic modulus (Fig. 6.5A) remains unchanged
when C3A transforms to C12A7. Some residual dehydration also takes place
during this temperature range, which is reflected in gradual mass loss
(Fig. 6.5B). Crystallisation of C12A7 at and above 700 ◦C is observed in
Fig. 6.1A. The structural changes which accompany these phase transforma-
tions, as well as the loss of residual chemically-bound water, result in slight
fluctuations in particle cohesion, as reflected in damping. C12A7 subsequently
reacts with Al2O3 to form CA from 900 ◦C onwards, resulting in an increase in
damping.
The elastic modulus signal begins to rise at 1000 ◦C, which indicates a de-
veloping microstructural cohesion. The temperature difference between the
rise in damping and elastic modulus signals suggests that onset of CA forma-
tion in the hitherto loosely-bound system is reflected initially in friction from
the unpacking of less dense CA from C12A7 and Al2O3, followed by contact for-
mation at 1000 ◦C as reflected in the elastic modulus increase. At 1100 ◦C CA2
starts to form from CA and Al2O3 leading to expansion as shown in Fig. 6.8C.
Fig. 6.2 shows that 4 ± 1.4 wt% CA2 is present at 1150 ◦C. As the tempera-
ture increases, so does the amount of CA2; as a result 11 ± 1.4 wt% of CA2 has
formed at 1300 ◦C (see above for evaluation of error associated with the quan-
tification). Sintering has been shown to start around 1300 ◦C in the undoped
system, resulting in shrinkage due to consolidation of the microstructure. [45]
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CA6 forms around 1350 ◦C (Fig. 6.1B). [45] Its anisotropic growth results
in a tabular morphology, which is shown in Fig. 6.13. With a density of
3.38 g cm−3, CA6 formation should lead to significant shrinkage (see Tab. 3.6
for a list of phase densities). The anisotropic growth however results in ex-
pansion, while at the same time sintering causes shrinkage (Fig. 6.8C).
Figure 6.13: SEI of CA6 platelets in consolidated microstructure of undoped
Formulation A which has been heated for 6 h at 1500 ◦C.
The amount of CA6 increases gradually as temperature rises to 1500 ◦C.
The system reaches its thermodynamic equilibrium between 30 min to 2 h
into the isotherm as suggested by the data presented in Fig. 6.2. Once
36.6 ± 1.4 wt% CA6 has formed all the available CaO has been used up. This
correlates well with the expansion, which is shown in Fig. 6.8 following the
end of sintering shrinkage. From that point onwards the system shows no
further dimensional changes.
It is possible to verify the quantifications by comparing them to the dilato-
metric data based on the density of the quantified phases, so calculating a
total sample volume at a specific temperature. This gives an estimate of the
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linear expansion caused by the phase formations. The comparison is shown in
Fig. 6.14. The volume data has been normalised to the volume at T = 300 ◦C,
based on the assumption that most phases present have reached a degree of
crystallinity at this temperature, which allows reliable phase quantification.
The volume expansion can subsequently be compared to the measured linear
expansion of the sample, once the effect of thermal expansion has been ac-
counted for. To account for thermal expansion, it is assumed that the thermal
expansion behaviour of a pure Al2O3 standard is comparable to the overall
thermal expansion behaviour of the measured sample, as the latter consists
of 96.9% Al2O3. The predicted volume expansion based on the quantified
phases and the measured linear thermal expansion behaviour are compared
in Fig. 6.14. Up to 1350 ◦C, both plots show good agreement, which is con-
sistent with the formation of the lower density phases CA and CA2 (see Ta-
ble 3.6 for densities). At higher temperatures, a more significant shrinkage
is predicted based on the densities of phases present, than is observed. This
discrepancy is to be expected considering that CA6 is a lower density phase
which grows anisotropically, thereby not making it possible to assess its di-
mensional changes purely on the basis of density. [40, 41] Slight discrepancies
in the actual observed densities compared to those used for the comparison
can also introduce errors. Despite slight deviations, the data presented in
Fig. 6.14 not only serves to verify the phase quantification, it also underlines
the expansive behaviour of certain phase formations, as well as the influence
of direction of growth.
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Figure 6.14: Comparison between predicted volume expansion with respect
the phases quantified and their densities, and the measured linear thermal
expansion behaviour, corrected for thermal expansion by a pure Al2O3 stan-
dard, of undoped Formulation A. The high temperature tests were carried out
on air-quenched samples. The dotted lines serve as a guide to the eye.
Damping (Fig. 6.5A) rises at 1200 ◦C when grain boundary defects be-
come mobile in the alumina components of the system. The formation of an
amorphous intergranular layer, caused by the presence of minor impurities,
contributes to the grain boundary sliding with increasing temperature as re-
flected in the significant damping increase. [116, 117] Often the increase in
damping at high temperatures is associated with the presence of a viscous
phase. The lower the viscosity, the more the energy from the impulse can be
dissipated, which is reflected in higher damping. [118] The liquidus projection
in Fig. 6.15 shows a eutectic at 1287 ◦C close to a 50/50 Al2O3/CaO compo-
sition, which suggests that the amorphous interlayer is likely to be of similar
composition with sodium and other minor elements acting as a flux.
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Figure 6.15: Liquidus projection of the Al2O3-Na2O-CaO ternary phase dia-
gram. The grey circle highlights the eutectic at 1287 ◦C.
The measurement of damping becomes increasingly difficult as internal
friction develops at high temperatures, resulting in deterioration of the signal.
Signal loss at the highest temperatures is a commonly occurring problem,
which can be seen when softening of the material leads to a reduction in
signal intensity and ultimately signal loss. The elastic vibration can also be
affected, though this is not the case here. Instead, the fluctuations in the
damping signal got too strong to confidently assign a trend.
Upon cooling, between 1550 and 1400 ◦C, elastic modulus gradually in-
creases as any amorphous components become more viscous. Further cooling
results in the expected stiffening of the material associated with the shorten-
ing of atomic bonds. The damping signal is observable again from 1350 ◦C on
cooling but now quickly decays to low values as bonding during sintering has
led to a cohesive structure in which sliding of grains no longer occurs.
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The microstructure shown in Fig. 6.9 underlines the difficulty of preparing
a flat polished surface when the sample is porous and consists of hard aggre-
gates and a softer matrix. The problem is re-emphasised in Fig. 6.16, where
the sample has not been mounted in epoxy resin and large pores are visible.
As a result of the uneven microstructure, the EDX map is not very accurate,
especially around the edges of smaller Al-rich grains, as well as the matrix
(Fig. 6.9, middle and right image). A similar issue occurs in the WDS map
(Fig. 6.10), where the areas around the pores cannot accurately be assigned.
Figure 6.16: SEI of the microstructure of Formulation A.
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The observations made on the diffusion couple (see Fig. 6.11) are consis-
tent with the phase development predicted in the Al2O3-CaO phase diagram
in Fig. 3.8, as well as those outlined above. As the Ca2+ ions diffuse into the
Al2O3 layer calcium aluminate phases with a higher alumina content form and
therefore CA, CA2 and CA6 can be identified. The interface in the diffusion
couple set-up shows the phases which would also be expected in between a
CaO and an Al2O3 grain in the real castable. This sort of method has not been
used for castables in the past, but proves to be a valid approach for imaging
interactions in the normally heterogeneous microstructure.
6.3 Conclusions About Refractory Formation in
the Al2O3-CaO System
The phases identified in Formulation A are consistent with those found in the
literature. The quantification is of high repeatability and true to trends pub-
lished elsewhere. The phase transformations can be confirmed using the dif-
fusion couple set-up, thereby validating the use of this sort of set-up to mimic
the interfaces in the real microstructure. Overall, certainty was achieved
that the preparation method of the model castable is reproducible and any
changes observed in the presence of sodium discussed in the next chapter
will therefore be due to the dopant and not variability in the castable.
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Chapter 7
Effect of Sodium on Refractory
Formation in the
Al2O3-CaO-Na2O System
The consequences of different levels of Na dopant on formation of the model
castable are discussed with respect to the baseline behaviour established in
Chapter 6. While it is known that Na addition leads to NaβA formation, the
reaction pathways and consequences for castable properties have not been
studied elsewhere. Here, the effect of Na on phase changes, dimensional
variability, elastic modulus, and microstructure are discussed.
7.1 Results
Phase changes induced by the presence of the dopant NaOAc, are shown in
Fig. 7.1. Between 300 - 1050 ◦C HTXRD was used to evaluate the phase
changes, but at higher temperatures samples air quenched from the respec-
tive temperatures were prepared with subsequent XRD analysis. The heating
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rates and dwell times were kept constant for both measurements.
The presence of Na leads to formation of the sodium aluminate interme-
diate NaAlO2 between 850 - 1100 ◦C, which reacts further to form NβA at
1150 ◦C. The formation of CA and CA2 occurs at comparable temperatures
as in the undoped case (see Fig. 6.1), however the formation of CA6 is only
observed 30 min into the hold at 1500 ◦C. The observed phase changes are
consistent with those predicted in the liquid projection in Fig. 7.2. At 700 ◦C
XRD indicates the presence of Al2O3, C12A7, and the sodium aluminate phase,
hence the corresponding areas are labelled by grey circles on the phase dia-
gram. The overall composition of the tested system is also labelled by black
circles. The Gibbs energy minimisation calculation (Fig. 7.2) confirms that at
1500 ◦C the stable phases are Al2O3, CA6, and NβA.
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Figure 7.1: A) High temperature XRD patterns of Formulation A 1 wt% doped
from 700 - 1150 ◦C at 50 ◦C intervals following a 1 min equilibration period
and B) XRD patterns of Formulation A 1 wt% doped from 1150 - 1500 ◦C
followed by air quenching. The sample 30 min at 1500 ◦C was quenched after
30 min at the indicated temperature, while all other samples were quenched
once the desired temperature has been reached. The heating rate for both
measurements was 3 ◦C/min.
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Figure 7.2: Liquidus projection of the Al2O3-Na2O-CaO ternary phase dia-
gram. The grey circles indicate the phases present in the doped castable at
700 ◦C during the first heat treatment. The black circle shows the composition
of the heat treated castable.
A quantitative Rietveld refinement analysis of all phases formed in the
1 wt% Na doped sample is shown in Fig. 7.3. The quantitative refinement
has been carried out on the quenched samples. An increase in the formation
of NaβA occurs at 1300 ◦C and above. NβA formation reaches a maximum
at 1500 ◦C, where 22.5 ± 2 wt% of this phase is present, however 30 min
into the isotherm a significant reduction to 7.8 ± 2 wt% has taken place. The
amount of NβA continues to decrease as shown in Fig. 7.3, and after 15 h at
1500 ◦C all NβA has been lost.
126
Figure 7.3: Phase quantification of a 1 wt% doped sample, where the left
Y-axis shows wt% C12A7, CA, CA2, CA6, NaAlO2 and NβA, and the right Y-axis
shows wt% Al2O3. The X-axis shows the increase in temperature to 1500 ◦C,
followed by the time [h] at 1500 ◦C. Quantification has been carried out on air-
quenched samples. The lines connecting the points aid the visual recognition
of the phase trends.
The repeatability and numerical accuracy of the Rietveld refinement was
assessed for the doped system by evaluating the results from 2 batches of
1 wt% Na doped Formulation A quenched after 6 h. The standard deviation is
1.6 wt%. The higher value than in the undoped case (where it was 1.4 wt%)
reflects the presence of more elements and hence a more complex system.
The fact that the composition of the system is changeable as sodium is grad-
ually lost (outlined below) also adds to the complexity. Experimental error as
explained in the previous section may also plays a significant role. Despite all
the possible sources of error in the doped case, the error in measurement of
the phase quantification is not significantly higher than in the undoped sys-
tem, which is possibly due to the fact that only 2 batches were examined in
this case. Nonetheless, the obtained results show a consistent trend, where
the quantified amounts are relevant considering the standard deviation of
quantified phases.
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A comparison of the phase formation between the undoped and doped sam-
ples has been carried out. Phases formed with doping levels of 0.3, 0.5, and
1.0 wt% have been quantitatively assessed as shown in Fig. 7.4. Each graph
compares the quantities of a phase in the presence of varying levels of dopant.
The comparison of formed quantities of C12A7 (Fig. 7.4A) is problematic as the
error associated with the quantification is close to, or larger than, the deter-
mined values. The main message from Fig. 7.4A regarding C12A7 is that it
forms in all samples between 650-1150 ◦C. A similar problem occurs for the
comparison of CA (Fig. 7.4B): the error is large with respect to the quantities
formed and in addition, no trend can be detected with respect to amount of
dopant and quantity of CA. Despite these uncertainties Fig. 7.4C shows that
CA2 reaches its maximum level at higher temperatures in the doped systems,
and larger quantities of CA2 form. The reaction of CA2 to CA6 is also delayed
relative to the undoped system (Fig. 7.4D), although comparable quantities to
those formed in the undoped system can be detected 2 h into the isotherm.
The formation of NβA shown in Fig. 7.4E scales with the amount of dopant
present. A peak is observed at 1500 ◦C, which rapidly decreases during the
isotherm. The detectable amounts of Al2O3 (Fig. 7.4F) reflect this develop-
ment where the lowest quantities of α-Al2O3 are present in the 1 wt% Na
doped sample. The loss in NβA coincides with the increase in Al2O3 during
the isotherm.
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Figure 7.4: Comparison of quantitative phase analysis of 0.0, 0.3, 0.5, and 1 wt% Na doped samples where the Y-axis
shown the wt % of A) C12A7, B) CA, C) CA2, D) CA6, E) NβA and F) Al2O3 respectively, while the X-axis shows the
increase in temperature to 1500 ◦C, followed by the time [h] held at this temperature. The heating rate was 3 ◦C/min.
The lines connecting the points aid the visual recognition of the phase trends.
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The preferential reaction of Al2O3 to NβA rather than CA6 in the doped sys-
tem is confirmed by the thermodynamic data in Fig. 7.5. Especially at low tem-
peratures, the crystallisation of NβA is more thermodynamically favourable
based on the relationship ∆G = ∆H - T∆S, where ∆G is the Gibbs Free Energy
change, ∆H enthalpy change, T is the temperature, and ∆S is the change in
entropy. The formation of CA6 is more temperature-dependent as suggested
by the less negative values and steeper slope of ∆G.
Figure 7.5: Plot of ∆G [kJ/mol Al2O3] against temperature [◦C] for CA6 and
NβA from the reactions: CA2 + 4 A → CA6 and NaAlO2 + 4 A → NaAl9O14,
where NaAl9O14 is the stoichiometry used for NβA in FactSage, normalised to
1 mole Al2O3. [113, 114]
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Fig. 7.6 compares the relative densities of undoped with 0.3 and 1 wt% Na
doped samples as a function of temperature. Relative densities are similar for
undoped and 0.3 wt% Na doped samples, but are reduced by 5% as doping
levels reach 1 wt% Na. All samples show a similar trend of a drop in density
as temperature is increased.
Figure 7.6: Comparison of relative density of an undoped (squares, shown
above in Fig. 6.14), a 0.3 wt% Na doped (triangles), and a 1 wt% Na doped
(circles) Formulation A with temperature, where the Archimedes density of
green sample is relative to the theoretical densities as stated in the product
data sheets, and the densities of the quenched samples is with respect to
densities from phase quantification.
Fig. 7.7 compares the elastic modulus and damping behaviour, mass loss
and DTA curve, and the linear thermal expansion of a 1 wt% doped sam-
ple. A reduction in stiffness from 36 to 12 GPa between room temperature
and 300 ◦C coincides with a reduction in sample mass, and a slight shrink-
age. Unlike in the undoped sample case (Fig. 6.5A), an additional reduction
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in stiffness occurs at 300 ◦C, at which point the damping signal increases
significantly. The mass loss occurs in two stages: 2 wt% of the mass is lost
between room temperature and 200 ◦C, where the signal levels off prior to
loss of another 2.4 wt% as temperature increases (Fig. 7.7B). An exothermic
peak can be seen in the DTA signal between 300 - 400 ◦C. 800 ◦C into the
measurement no further weight loss occurs. Between 400 - 800 ◦C fluctua-
tions in the damping occur, while the elastic modulus remains constantly low
at 16 ± 2 GPa (Fig. 7.7A). Elastic modulus starts to increase from 700 ◦C, and
while the fluctuations in damping make it impossible to pinpoint the exact
onset of damping increase, it is nevertheless clear that by 900 ◦C a damp-
ing peak starts to appear. By 1100 ◦C elastic modulus levels off and the
damping signal rises. Between 1000 - 1100 ◦C expansion levels off slightly
before it continues more significantly thereafter (Fig. 7.7C) between 1100 -
1300 ◦C and 1300 - 1400 ◦C. The significant expansion is accompanied by a
broad exothermic DTA signal (Fig. 7.7B). Fig. 7.7A shows that upon cooling
the material gradually stiffens from ∼ 35 GPa at 1400 ◦C to ∼ 46 GPa at room
temperature. The damping signal shows a peak between 1200 - 1000 ◦C as
the sample is cooled.
The damping peak observed between 1200 - 1000 ◦C on cooling (Fig. 7.7A)
reoccurs during the subsequent heat treatments of the same sample as shown
in Fig. 7.8. The elastic modulus in the sample remains largely unchanged dur-
ing this temperature range, showing only a reversible gradual decrease with
temperature. The damping peak gets smaller with exposure time to 1500 ◦C
as shown in Fig. 7.9. After 80 h at 1500 ◦C the peak has completely disap-
peared.
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Figure 7.7: A) Elastic modulus and damping evolution, B) TG-DTA, and C)
linear thermal expansion of 1 wt% doped Formulation A (where dL is the
change in length with temperature and Lo is the initial sample length).
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Figure 7.8: Elastic modulus and damping behaviour of a 1 wt% Na doped
sample during the second exposure to temperature.
Figure 7.9: Plot of area under the damping peak between 800 - 300 ◦C in
a 1 wt% Na doped sample shown in Fig. 7.8 against exposure time [h] at
1500 ◦C.
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The thermal decomposition of the NaOAc dopant was evaluated for subse-
quent comparison with events in the castable. Various decomposition steps
can be identified as indicated by the numbers used as labels in Fig. 7.10.
1. Residual water loss occurs at ∼100 ◦C and is accompanied by an en-
dothermic peak.
2. At ∼300 ◦C the melting of NaOAc is marked by an endothermic peak and
from 480 ◦C the reaction 2 NaOAc→ Na2CO3 + (CH3)2CO ↑ takes place
as indicated by a 28% mass loss. This breakdown reaction is reflected
in the exothermic peak. [119]
3. From 850 ◦C the decomposition reaction Na2CO3 → Na2O + CO2 ↑ takes
place as indicated by the endothermic peak. The mass loss which occurs
is a combination of CO2 loss and the subsequent decomposition of Na2O.
4. From about 1150 ◦C Na2O starts to break down, which is reflected in the
broad exothermic peak.
Figure 7.10: TG-DTA of sodium acetate (NaOAc) where the left Y-axis shows
the DTA and the right Y-axis the mass loss. The circled numbers are explained
in the text above.
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In view of subsequent experiments (see Chapter 8), a brief evaluation was
carried out to evaluate the loss of sodium from samples of different volume.
While a more in depth evaluation of the rate of Na loss would be interesting
(see Chapter 14 for Future Work suggestions), for the purposes of the follow-
ing experiments it was sufficient to quantify the amount of NβA present after
a 6 h heat treatment to confirm its presence.
The loss rates of NaβA from two 1 wt% Na doped cylindrical samples
with volumes of 0.2 cm3 and 17 cm3 were compared. The smaller sample
was used to quantify the phases shown in Fig. 7.3, while the large sample
was analysed for purposes of the comparison only. After 6 h of exposure to
1500 ◦C the smaller sample contained 3 wt%, while the larger one contained
8 wt% of NaβA (see Table 7.1), which suggests that the loss of Na is consid-
erably slower from the larger sample, likely as a function of the low surface
area to volume ratio of the large sample. The amount of NβA present in the
larger sample after 6 h is comparable to the quantities of NβA detected in the
smaller sample after 30 min (as shown in Fig. 7.3).
Table 7.1: Comparison of the sample volume and wt% NβA detected after
6 h of heat treatment at 1500 ◦C of 1 wt% Na doped Formulation A.
Sample volume [cm3] NβA [wt%]
0.2 3
17.0 8
The effect of different levels of doping on the green stiffness and its evolu-
tion with temperature is shown in Fig. 7.11. Green stiffness is reduced from
37 GPa to ∼ 33 GPa at room temperature in all doped systems independent
of level of dopant. The drop in stiffness at 300 ◦C occurs to the same extent
in all systems but afterwards the dopant-induced stiffness changes scale with
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the amount of dopant present. The increase from 700 ◦C is more significant
in the 1 wt% Na doped system than in the 0.5 and 0.3 wt% Na doped ones.
From 1100 ◦C the 1 wt% Na doped system shows no further increase in elas-
tic modulus during heating, while the plateau is delayed to 1200 and 1350 ◦C
in the 0.5 and 0.3 wt% Na doped systems respectively. At the highest tem-
peratures, the stiffness in all doped systems is reduced with respect to the
undoped one. Upon cooling, elastic modulus in the 0.3 wt% doped system
rises more noticeably than in the other doped ones, and as a result its cooled
stiffness is 53 GPa compared to the 46 GPa exhibited by the other two doped
systems.
Figure 7.11: Comparison of elastic modulus evolution with temperature in
Formulation A doped with 0.0, 0.3, 0.5, and 1.0 wt% Na.
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The effect of various dopant levels on linear thermal expansion is shown
in Fig. 7.12 which reveals that the expansion in the 0.3, 0.5 and 1 wt% doped
samples scales with the amount of dopant. On first firing, the addition of
0.3 wt% Na leads to 31% additional linear expansion, as the undoped sample
shows 1.95% linear expansion, and the 0.3 wt% Na doped sample 2.55%. In-
clusion of 0.5 and 1 wt% Na leads to a 47% additional linear enlargement. On
cooling, the undoped sample shows a 0.42% linear expansion (see Fig. 7.12B),
while the samples doped with 0.3, 0.5 and 1 wt% Na show a 0.69 and 0.85%
linear expansion respectively, where the 0.5 and 1 wt% Na doped samples
show the same degree of expansion. This corresponds to an additional rela-
tive expansion of 58 and 101%.
The microstructure and element maps of a 1 wt% Na doped Formulation
A which has been heated for 6 h at 1500 ◦C are shown in Fig. 7.13. While
the elements Al and Ca can be easily identified, Na is more elusive due to its
low concentration and low atomic number. The diffusion couple set-up was
therefore used to mimic the behaviour of sodium in the complete formulation
at a more interpretable scale. The resultant microstructures are shown in
Fig. 7.14 and 7.15, where the former has not been allowed any dwell time at
1500 ◦C and was cooled directly from temperature, and the latter has been
held 6 h at 1500 ◦C.
Fig. 7.14 shows an area of NβA, and the phases CA and CA2 as the interface
is approached from the CaO side, but no CA6. After the system has been
allowed to dwell at 1500 ◦C for 6 h (see Fig. 7.15) CA6 can be detected at the
interface. NβA is now distributed throughout the Al2O3 layer at the interface
rather than concentrated in a single area. The EDX maps in Fig. 7.15 show
that Na is present wherever Al can be detected.
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Figure 7.12: A) Linear thermal expansion of green undoped, 0.3, 0.5, and
1.0 wt% Na doped samples, which have been normalised to allow compari-
son of the dimensional variability between 1000 - 1500 ◦C between samples.
The arrows labelled 1.95% and 2.55% show the measured expansion for the
undoped and 0.3 wt% doped samples, respectively. The resultant additional
expansion between undoped and 0.3 wt% doped is hence 31% as labelled on
the double headed arrow. B) Shows the linear thermal expansion of the same
samples during the second exposure to temperature, which have not been
normalised to show dimensional change upon cooling of the green samples.
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Figure 7.13: BSE image and EDX maps of 1 wt% Na doped Formulation A
after 6 h at 1500 ◦C. The red areas highlight the location of Al, Ca, and Na,
as labelled in the respective images top left corner, observed by EDX, and the
darkest areas are carbon from the epoxy resin.
Figure 7.14: BSE image of doped diffusion couple (set-up as shown in
Fig. 4.2B) with no dwell at 1500 ◦C. Al2O3 can be found on the top right,
CaO on the bottom left hand corner.
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Figure 7.15: A) BSE image of the interface in doped diffusion couple (set-
up as shown in Fig. 4.2B) after 6 h at 1500 ◦C, where the phases have been
identified using EDX line scans and B) BSE image of the same interface with
more focus on the CaO-rich side of the diffusion couple showing the evolution
of calcium aluminate phases and C1) EDX map where red highlights areas
rich in carbon pinpointing the location of epoxy resin, C2) EDX map where
red highlights sodium and C3) EDX map where red highlights aluminium.
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7.2 Discussion of Effect of Sodium on Refrac-
tory Formation in the Al2O3-CaO-Na2O Sys-
tem
The change in elastic modulus in a 1 wt% doped sample (Fig. 7.7A) reveals
that, similar to the undoped sample, dehydration leads to a reduction in elas-
tic modulus from room temperature to higher temperatures, however an addi-
tional elastic modulus decrease occurs at 300 ◦C. The additional drop can be
explained by comparing the TG-DTA signal in Fig. 7.7B with that in Fig. 7.10,
which shows the thermal decomposition of NaOAc. The melting and subse-
quent decomposition of NaOAc at T > 300 ◦C is responsible for the reduction
in elastic modulus at this temperature. The mass loss in the doped castable
occurs in two steps, which was not the case in the undoped system. This sug-
gests that the step is due to the presence of the dopant. The endothermic
peak which can be seen in the NaOAc-only sample (Fig. 7.10) at 300 ◦C is
not visible in the complete castable (Fig. 7.7B) probably due to dilution ef-
fects from the Al2O3. The exothermic peak at 400 ◦C can be seen in both the
doped castable and the NaOAc-only sample. Comparison of the % mass loss
in the undoped (Fig. 6.5B) and doped system (Fig. 7.7B) to evaluate the exact
influence of gas loss from NaOAc decomposition is made difficult by the fact
that both powders, despite being dried and kept in a desiccator, take up water
from the air prior to the measurement. The hygroscopic nature of the samples
is reflected in variable mass loss associated with water loss in the TGA during
heat up. As the additional reduction in stiffness occurs in all doped samples
(Fig. 7.11), the decomposition of dopant is the most likely explanation.
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The more significant loss of cohesion and hence elastic modulus reduc-
tion is reflected by enhanced damping. Between 400 - 800 ◦C residual hy-
drate decomposition and cohesion fluctuations are reflected in fluctuations in
damping (Fig. 7.7A). Elastic modulus remains constantly low at 16 ± 2 GPa
during that period but starts increasing from 800 ◦C. This coincides with the
temperature at which Muangrat et al. found that Na2CO3 decomposes to
sodium oxide (Na2O) and carbon dioxide (CO2). [119] This is reflected by an
exothermic peak in Fig. 7.10. The Na2O subsequently undergoes reaction
with Al2O3 to form sodium aluminate, NaAlO2 as shown in Fig. 7.1A. The for-
mation of NaAlO2 is consistent with the prediction in Fig. 7.2, as well as the
reactions suggested by Takahashi and Kuwabara. [120]
A slight increase in elastic modulus (Fig. 7.7A) accompanies its forma-
tion, and Fig. 7.12A suggests that the expansion associated with this reaction
scales with the amount of dopant present. The fluctuations in damping make
it impossible to pinpoint the exact onset of damping increase but it is clear
that by 900 ◦C a damping peak starts to appear. The rise at lower tempera-
tures in both, stiffness and damping signals in the doped case compared to
the undoped one (Fig. 7.7A compared to Fig. 6.5A) indicates that the expan-
sive nature of NaAlO2 formation contributes to microstructural friction as it
forms, as well as contact formation in the unconsolidated microstructure.
At 900 ◦C CA is formed, having a less significant effect on the damping
signal in the doped case (Fig. 7.7A) than in the undoped case (Fig. 6.5A) due
to the presence of NaAlO2. As in the undoped case, CA2 is formed from CA
at 1100 ◦C, giving rise to some expansion (see Fig. 6.5C), however in the
doped case the influence on the thermal expansion signal is outweighed by
the formation of NβA at the same temperature. The overlap of both phase
formations makes it impossible to reliably quantify the effect of the individual
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phases on expansion at this point. NβA forms from the reaction of NaAlO2
with Al2O3. Overall, Na2O undergoes the following reactions:
850 ◦C
Na2O + Al2O3 → 2NaAlO2 (7.1)
1100 ◦C
NaAlO2 + 5Al2O3 → NaAl11O17 (7.2)
With an 18% lower density than Al2O3, NβA formation leads to expansion
as shown in Fig. 7.12 (Al2O3: 3.98 g cm−3 compared to NβA: 3.24 g cm−3).
The formation of NβA halts the rise in elastic modulus. The reduction of
stiffness coinciding with expansion suggests the NβA formation disrupts the
still fragile microstructure. The damping signal rises again from 1100 ◦C.
Fig. 7.2 suggests the existence of a high sodium liquid at T > 1083 ◦C but it
is an unlikely explanation for the rise in damping signal as sodium has been
shown to have reacted with Al2O3 by that temperature (Fig. 7.1).
As the temperature continues to increase an overlap of damping signals,
produced by the effect of NβA and the likely grain boundary sliding of alumina
as suggested by Lakki and Schaller, and Roebben et al., is observed. [116,
117] Any intergranular liquid present is likely to be found in the Al2O3-rich
corner of Fig. 7.2. When the temperature increases from 1100 ◦C, CA2 begins
to form in the undoped system as shown in Fig. 6.1. In the doped systems
CA2 continues to crystallise up to 1500 ◦C (see Fig. 7.1), while it was already
reacting further in the undoped system by that temperature (Fig. 6.1).
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It is possible to compare the corrected linear thermal expansion of a 1 wt%
Na doped sample to the predicted thermal expansion based on the quantities
of phases identified and their densities. The principle was outlined before
for the undoped case shown in Fig. 6.14. Prediction and observation for the
doped case are in reasonable agreement as shown in Fig. 7.16, with the excep-
tion of the deviation at the maximum temperatures, where a larger expansion
is predicted than is observed. The deviation is likely due sintering or viscous
phase formation which would reduce the measured expansion.
Figure 7.16: Comparison between the predicted volume expansion with
respect to the phases quantified and their densities, and the measured lin-
ear thermal expansion behaviour, corrected for thermal expansion by a pure
Al2O3 standard, of Formulation A 1 wt% Na doped. The high temperature
tests were carried out on air-quenched samples.
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Taking the outlined error associated with the phase quantification into ac-
count, it is noticeable in Fig. 7.4 that while the amount of CA2 in the un-
doped system decreased at temperatures higher that 1350 ◦C, it continues to
form when approaching 1500 ◦C in all the doped systems. In the 1 wt% Na
doped system CA2 reaches twice the amount present in the undoped sample
at that temperature (12 wt% in the doped sample compared to 6 wt% in the
undoped), which results in significant expansion. Fig. 7.12 shows that the
expansion in the 0.3, 0.5 and 1 wt% doped samples scales with amount of
dopant, but even the addition of 0.3 wt% Na leads to 31% additional linear
expansion, as the undoped sample shows 1.95% linear expansion, and the
0.3 wt% Na doped sample 2.55%. Inclusion of 0.5 and 1 wt% Na leads to a
47% additional linear enlargement. The expansion proceeds via two stages.
The first stage of expansion in the doped sample at 1200 ◦C can be explained
by the enhanced formation of CA2. The second stage at 1350 ◦C is a combina-
tion of CA2 and NβA formation. This explanation ties in with the quantification
of NβA in Fig. 7.3F, which clearly shows that NβA formation is proportional
to the amount of dopant.
At 1500 ◦C the undoped system contains 71 ± 1.6 wt% Al2O3, 21 ± 1.6 wt%
CA6 and 7 ± 1.6 wt% CA2 (Fig. 7.4), however no CA6 is observed in the
1 wt% doped sample but instead 64 ± 1.6 wt% Al2O3, 22 ± 1.6 wt% NβA
and 13 ± 1.6 wt% CA2 are observed (Fig. 7.4). The effect on CA6 formation
can be seen in all systems, although less pronounced in the 0.3 wt% Na doped
system. After a dwell time of 30 min comparable amounts of CA6 have formed
in all samples.
As the quantification data (Fig. 7.4) shows that CA6 formation is delayed in
the doped systems it can be concluded that the presence of NβA delays forma-
tion of CA6. Consequently, this means that the reaction CA2 + 4Al2O3→ CA6
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cannot happen, which results in enhanced formation of CA2. The delay occurs
in all doped samples, reducing the likelihood of it being due to experimen-
tal imprecision. In addition to postponing the CA6 formation, the expansion
caused by CA2 and NβA formation delays the observable shrinkage effect of
sintering (Fig. 7.12) from 1400 ◦C to 1500 ◦C. The sodium hence does not act
as a flux in this system.
Comparison of the two microstructures of the diffusion couple samples
presented in Figs. 7.14 and 7.15 shows that no CA6 is found at the interface
when the sample is not allowed to dwell at 1500 ◦C, however NβA is present.
After 6 h at this temperature, CA6 has formed.
Neither the rate of Na+ ion diffusion, nor the activation energy for NβA
formation in CACs has been quantified but, consistent with the kinetic obser-
vations from the quenching and diffusion couple experiments, the thermody-
namic data in Fig. 7.5 show that the crystallisation of NβA is more thermo-
dynamically favourable, especially at lower temperatures. The formation of
CA6 is more temperature dependent as suggested by the less negative values
and steeper slope of ∆G. A mechanism can be derived based on these obser-
vations, which is illustrated schematically in Fig. 7.17. The Na+ ions from the
NaAlO2 react faster with the Al2O3 to form the NβA than the Ca2+ ions from
CA2. The presence of the NβA blocks the reaction of CA2 with Al2O3. Ca2+ ions
have to travel around the NβA hence the formation of CA6 is delayed.
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Figure 7.17: Proposed mechanism showing A) the diffusion of Ca2+ ions
from the CA2 layer into the Al2O3 layer, and B) the blocked diffusion pathway
of Ca2+ ions and resulting delay of CA6 formation in the presence of β (NβA).
Upon cooling, the elastic modulus signals follow a similar trend as in the
undoped case (see Fig. 7.8 compared to Fig. 6.12). In both cases, the sam-
ples have been allowed to dwell at 1500 ◦C for 30 min, hence sintering and
the presence of CA6 can contribute to the observed elastic modulus. How-
ever, the damping signal in the doped case (Fig. 7.8) shows a peak between
1200 - 1000 ◦C. As this peak is not observed in the undoped sample, the signal
must arise due to the presence of sodium. Na+ ion hopping is known to occur
between sites within the NβA planes. [121] In addition to Ca2+ ions, various
other ions are present in the CAC bonded castable, such as Fe3+, Mg2+ or
Si4+, which are known to incorporate into the NβA structure. [122, 123, 124]
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Incorporation of such ions into the spinel-like planes of the NβA has been
shown to impede the motion of the Na+ ions, increasing the activation en-
ergy for ionic conductivity. [122, 123, 124] The presence of grain boundaries
has also been shown to reduce Na+ mobility. [123] The effect of Na+ ion hop-
ping on damping has been measured elsewhere at considerably lower tem-
peratures, for example by Patel and Nicholson at temperatures 80 - 550 K
(-193 – 276 ◦C). [123] Nevertheless the incorporation of other ions and the
presence of numerous grain boundaries could explain the shift of the damp-
ing peak to higher temperatures. [123, 125] The large damping peak between
1200 - 1000 ◦C upon cooling (Fig. 7.8) could therefore be caused by hopping
of Na+ ions. While the ions have sufficient vibrational energy to move through
the network freely at higher temperatures, this energy decreases upon cool-
ing, and the mechanical energy from the RDFA impulse becomes necessary
to facilitate hopping. This flow of ions through the two dimensional network
resembles the effect of a liquid in that it dissipates the vibration causing a
peak in the damping signal. The reappearance of this peak on reheating and
cooling (Fig. 7.8) confirms the notion that the peak is caused by the presence
of sodium and so is the disappearance of this damping peak with exposure to
1500 ◦C.
Fig. 7.4E shows that the amount of NβA was reduced from 22 ± 1.6 wt%
to 10 ± 1.6 wt% 30 min into the isotherm at 1500 ◦C. As shown in Fig. 7.3,
heating for extended periods of time will lead to gradual loss of all of the
detectable sodium-containing phases. The occurrence of the loss of Na from
NβA is generally accepted, however, some disagreement exists about the ex-
act temperature ranges where it occurs: Austin observes alkali loss at 900 ◦C,
Kato and Yamauchi at 1200 ◦C, Gallup, as well as Dell and Moseley, describe
the conversion to α-Al2O3 at T > 1600 ◦C, Ray and Subbarao state that the
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phase is stable "at least up to 1700 ◦C". [126, 127, 128, 129, 130] It is likely
that the loss of Na from a castable system will occur more slowly than in the
pure systems tested by these authors since the NβA is trapped within the
Al2O3 system.
As the NβA is gradually lost, the intensity of the damping peak associated
with the ion hopping is also reduced. The reduction in peak intensity is shown
in Fig. 7.9, however the area under the damping peak gives no indication of
the quantitative amount of NβA present. Since the loss rate depends on sam-
ple surface area and exposure time to temperature and heating rate, a direct
correlation to the quantification data cannot be made reliably, especially since
the initial loss rate is high. Nevertheless, the damping peak gives a good indi-
cation of the presence of NβA in the castable systems and, in correlation with
a more detailed evaluation of the loss rate with respect to sample size, might
serve as a test measure for the presence of NβA in such systems (see Future
Work suggestions in Chapter 14).
7.3 Conclusions About Effect of Sodium on
Refractory Formation in the Al2O3-CaO-
Na2O System
It was shown that formation of NβA, via the sodium aluminate NaAlO2, causes
a delay of the reaction CA2 + A → CA6. The NβA forms faster and subse-
quently blocks the diffusion path of the CA2+ ions into the Al2O3. This re-
sults in formation of excess CA2 compared to the undoped system, which con-
tributes to expansion. The amount of NβA scales with the amount of NaOAc
introduced. This is also true for the measured expansion, which occurs in two
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stages: at 1200 ◦C due to the unhindered formation of CA2 and at 1300 ◦C
due to both the CA2 and NβA formation. The consequence of the expansion is
a delay in sintering shrinkage from 1400 to 1500 ◦C. CA6 formation is shifted
from 1350 ◦C to 30 min into the isotherm at 1500 ◦C. Elastic modulus mea-
surements show that the presence of the NaOAc dopant reduces the green
stiffness of all doped samples independently of the amount added. Decompo-
sition of the acetate hydrocarbons at 300 ◦C reduces the particle cohesion at
that temperature resulting in a stiffness reduction. The reduction is the same
for all levels of dopant. The more dopant is present, the more significant is
the earlier increase in elastic modulus when NaAlO2 forms. The formation of
NβA at 1100 ◦C puts a stop to that increase. The stiffness in samples with
≤ 0.5 wt% Na is reduced significantly, while little change is observed if only
0.3 wt% Na is present. The presence of NβA does not affect the elasticity on
cooling once CA6 has formed, however the NβA does result in a damping peak
observable on cooling from 1200 to 1000 ◦C and thereafter on reheating and
cooling. Since the amount of NβA is known to decrease with exposure time to
1500 ◦C, a possible explanation for the peak, whose intensity also decreases
over time, is the movement of Na+ ions along the spinel-like planes of the
NβA.
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Chapter 8
Effect of Sodium on Mechanical
Properties of Refractories in the
Al2O3-CaO-Na2O System
Chapter 8 compares the mechanical properties of consolidated (already heat
treated) doped and undoped Formulation A samples. The aim is to establish
how much Na doping alters the mechanical properties of the castable. The
effect of Na doping on Modulus of Rupture (MOR) and creep resistance are
evaluated.
While it is generally accepted that Na, as an impurity, leads to deteriora-
tion of the castable properties, no data has been published regarding the ac-
tual effect on the high temperature properties. Since Chapter 7 showed that
sodium is partially lost from the samples during heating, the stated dopant
levels are with respect to the initial addition of NaOAc.
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8.1 Results
Unlike in the Chapter 7, which focused on refractory formation, the assump-
tion in this chapter is that the heat treatment consolidated the microstructure
so that overall thermodynamic equilibrium has been achieved.
To confirm this assumption, the effect of heating temperature on flexu-
ral strength of the undoped samples is illustrated in Fig. 8.1. It is clear
that samples which have been preheated to higher temperatures are stronger
and have a constant strength up to approximately 800 ◦C. Above 800 ◦C all
strength deteriorate and the strength at 1500 ◦C does not depend on the heat
treatment given before testing. This confirms that heat treatment for 6 h at
1500 ◦C has caused a permanent improvement in the mechanical cohesion
due to sintering and phase changes outlined in Chapter 6.
Figure 8.1: Flexural strength development of undoped Formulation A with
preheating temperature and exposure temperature. Samples have been pre-
heated for 6 h at 800, 1100, 1350 and 1500 ◦C and subsequently tested at the
temperatures indicated on the X-axis.
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Next, the flexural strength at 25, 800, 1000, and 1500 ◦C was compared
between undoped samples and samples doped with 0.1 and 0.3 wt% Na.
Fig. 8.2 reveals that all samples have comparable strength within the mar-
gin of error. Sources of error are discussed in Section 5.13. From room
temperature to 1000 ◦C the samples, which have all been heat treated for 6 h
at 1500 ◦C prior to testing, show a strength of 30 ± 8 MPa. At higher testing
temperatures the strength starts to decrease, until very little resistance to
fracture is observed at 1500 ◦C.
Figure 8.2: Comparison of flexural strength behaviour with temperature
of undoped, 0.1, and 0.3 wt% Na doped samples, which have all been heat
treated at 1500 ◦C for 6 h, cooled to room temperature and subsequently
heated to the indicated temperatures (X-axis) for testing.
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Fig. 8.3 shows that at and below 1000 ◦C the samples fracture in a brit-
tle way, while at 1500 ◦C non-brittle fracture occurs. The deformation at
1500 ◦C occurs at considerably lower stresses: ∼ 5 MPa at 1500 ◦C compared
to ∼ 26 MPa and 38 MPa at 1000 ◦C in the undoped and 0.3 wt% Na doped
samples respectively. The slope of the stress-strain graph suggests that ex-
tensive deformation occurs at the highest temperatures, which could indicate
creep.
Figure 8.3: Brittle and non-brittle fracture at 1000 and 1500 ◦C of samples
preheated for 6 h at 1500 ◦C of 0.3 wt% Na doped Formulation A.
155
A baseline for the creep behaviour on the model castable was established
on the undoped sample as shown in Fig. 8.4. The creep resistance decreases
as temperature increases, but the stress exponent, n, remains ∼ 1, suggesting
viscous or diffusional creep.
Figure 8.4: Creep behaviour of undoped samples at various stresses at 1300,
1400, and 1500 ◦C, where n = stress exponent. All samples have been pre-
heated at 1500 ◦C for 6 h prior to testing.
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The effect of dopants on creep resistance was also measured at 1300 ◦C as
shown in Fig. 8.5. Within the margin of error (as discussed in Section 5.12),
the undoped, 0.3 and 0.5 wt% Na doped samples show comparable behaviour,
while the creep resistance is reduced when 1 wt% Na dopant is present. Un-
der a load of 2 MPa the undoped, 0.3, and 0.5 wt% doped samples deform at a
rate of 3.89×10−7 s−1, while the higher level of dopant results in a creep rate
of 15.4×10−7 s−1. The stress exponent is ∼ 1 for all dopant levels.
Figure 8.5: Creep behaviour of undoped, 0.3, 0.5, and 1.0 wt% Na doped
Formulation A samples at various stresses at 1300 ◦C.
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The creep behaviour of undoped and 1.0 wt% Na doped samples at 1400 ◦C
is shown in Fig. 8.6. At this temperature the resistance to creep decreases
further. A SEI of a 1 wt% Na doped sample crept at 1400 ◦C is shown in
Fig. 8.7. Rounded features can be seen throughout the microstructure, which
could be indicative of viscous phase formation, or rounding and densification
as a consequence of solid state sintering. When exposed to a 10 MPa load at
1400 ◦C, failure in a 1 wt% doped sample occurs as shown in Fig. 8.8.
Figure 8.6: Creep behaviour of undoped and 1.0 wt% Na doped Formulation
A samples at 1400 ◦C, where n = stress exponent.
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Figure 8.7: SEI showing the matrix of a 1 wt% Na doped sample of Formu-
lation A which was crept at 2 MPa at 1400 ◦C. The arrow points to an area
where features are rounded.
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Figure 8.8: SEI showing the crack propagation in a 1 wt% Na doped sample
around an aggregate after a creep test which lead to failure at 1400 ◦C and
10 MPa. The surface shown was perpendicular to the axis of compression and
taken from the centre section of the tested sample.
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The activation energies for creep are compared in the undoped and 1 wt%
Na doped systems in Fig. 8.9. Eact in the undoped system is 270 ± 20 kJ mol−1,
while it is 253 ± 20 kJ mol−1 in the 1 wt% Na doped one. Considering the mar-
gin of error associated with the creep measurement, both values are compa-
rable.
Figure 8.9: Comparison of the activation energy for creep at 6 MPa of un-
doped and 1 wt% Na doped samples, where Eact = activation energy . The
indicated error is based on the measured variability of multiple creep rate
measurements and the effect on the slopes shown.
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8.2 Discussion of Effect of Sodium on Mechan-
ical Properties of Refractories in the Al2O3-
CaO-Na2O System
The effect of CA6 interlocking, and sintering, results in a significant increase
(from 13 MPa at 800 ◦C to 33 MPa at 1500 ◦C) in flexural strength of the
undoped castable as shown in Fig. 8.1. Studart and Pandolfelli showed that
the strength of a Low Cement Castable (LCC) increased from 12 to 24 MPa as
temperature increases from 1100 to 1400 ◦C. [87] The trend is confirmed in
the data obtained here for an undoped castable system, even if the strength
values and temperatures vary. Lower strength values are to be expected since
Studart and Pandolfelli did not preheat at the testing temperatures for 6 h and
their system had no time to consolidate. Comparison with the data by Simonin
et al., who tested high alumina magnesium spinel castables as described in
Section 3.8, confirms the trend of increasing strength with increasing tem-
perature. [38]
To place the strength of the model castable among other materials, its
heat treated strength and density was marked on Fig. 8.10. The other ma-
terials shown on the Ashby map were tested under compression and a com-
parison is therefore based on the assumption that flexural strength is 10%
of the compressive value. [131] A real castable with Al2O3 aggregates of up
to 10 mm size as opposed to the model system used here would show even
higher strength, which fits in well given the location of alumina on the Ashby
map.
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0.1 and 0.3 wt% Na doping have little effect on the strength as shown in
Fig. 8.2. With one exception, namely the undoped Formulation A sample, no
repetition of the strength test was done at 1500 ◦C as non-brittle fracture was
observed, in both the doped and undoped samples (see Fig. 8.3).
Figure 8.10: Ashby map of compressive strength against density, where the
comparison is based on the assumption the flexural strength measured in this
study is 10% compressive strength. Modified from [131].
Non-brittle fracture occurs when the material shows significant plastic de-
formation. To assess the degree of this deformation the resistance to creep
was measured. Fig. 8.4 shows that the creep resistance in the undoped sam-
ple decreases with temperature, but even at 1500 ◦C a stress exponent of
n = 1 suggests that creep occurs via diffusional or viscous flow.
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Comparison of the creep behaviour of doped and undoped samples at
1300 ◦C (Fig. 8.5) shows that, given the margin of error, the undoped, 0.3 and
0.5 wt% Na doped samples show comparable results. An increase of dopant
to 1.0 wt% Na, however, reduces the castables resistance to creep. The stress
exponent is n = 1.0 in all cases. The activation energies for creep in both the
undoped and 1 wt% Na doped samples were 271 and 253 ± 20 kJ mol−1. Since
the error margin on the crept samples can be large as shown in Fig. 8.5, the
difference between the activation energies should be regarded as a conse-
quence from this variability rather than an actual difference. The error can
occur for similar reasons as outlined for the flexural strength, such as sample
preparation or equipment related variability.
Burdick reported activation energy values between 94-154 kJ mol−1 at
1450 - 1515 ◦C in sodium-doped castables, however the samples tested con-
tained 10% SiO2, which can alter the creep behaviour. [90] No other activation
energies have been reported or creep mechanism suggested for CAC-systems,
which makes comparison impossible.
In hindsight, lower stresses should be used to evaluate the activation ener-
gies, taking into account that failure occurs between 10 - 20 MPa (as outlined
in Fig. 8.1) at 1300 ◦C. At stresses close to the point of failure Eact can be
over- or underestimated.
Even at 1400 ◦C (Fig. 8.6) the stress exponent remains ∼ 1. No repeat
experiments were carried out at 1400 ◦C, but considering the error margin
at 1300 ◦C, both the undoped and 1 wt% doped sample show a comparable
resistance to creep at 1400 ◦C. Fig. 8.7 shows the presence of rounded edges
in the matrix of a crept 1.0 wt% Na doped sample at 1400 ◦C. The round rather
than sharp and irregular features can be a result of viscous phase formation,
or rounding and densification as a consequence of solid state sintering.
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Regarding the creep mechanism, both diffusional and viscous flow are pos-
sible on the basis of the stress exponent. 1 wt% Na addition was shown to
increase creep at 1300 ◦C, but it appears unlikely that sodium increases the
rate of diffusional creep, which depends on the movement of Al3+ and O2− ions
in the grains. No comparison of the rates of diffusion of Al3+ and O2− in α- and
β-alumina has been carried out. Since the data in Fig. 8.9 shows a single ac-
tivation energy at all tested temperatures for the undoped and doped sample,
no change in creep mechanism with temperature or dopant level is expected.
It is therefore unlikely that the increased creep rate of the 1 wt% Na doped
compared to the other samples at 1300 ◦C is due to a sodium-induced change
from diffusional to viscous creep. A feasible assumption is that a liquid forms,
but is not detected in the heterogeneous castable microstructure. The mech-
anism of deformation is therefore likely viscous flow, where the amount and
fluidity of the liquid increases with temperature and amount of dopant. This
suggests that the rounded features in Fig. 8.7 are more the result of viscous
phase formation rather than rounding and densification as a consequence of
solid state sintering.
Despite the assumptions outlined above the exact mechanism of creep is
uncertain. It is however possible to pinpoint the temperature at which creep
rates become substantial (1300 ◦C) and the dopant levels which cause a dis-
tinct reduction in properties (> 0.5 wt% Na).
The matrix is the weak point in the castable system. The Al2O3 aggregates
have been heat treated to achieve high densities, but the matrix is porous and
contains CaO, as well as any sodium impurities. It is unsurprising that cracks
propagate through the matrix, around the aggregates, as shown in Fig. 8.8.
Any viscous phase is likely to occur in the matrix and not the Al2O3 aggre-
gates. The aggregates can deflect the crack as it grows through the matrix.
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Since they have been heat treated at higher temperatures than the exposure
temperature used here, the aggregates are not as reactive as the matrix. As
a consequence, the aggregate-matrix interface is a vulnerable location in the
microstructure. Cracks can therefore be seen to grow along these interfaces.
8.3 Conclusions About Effect of Sodium on Me-
chanical Properties of Refractories in the
Al2O3-CaO-Na2O System
The presence of up to 0.3 wt% Na does not affect the flexural strength of the
model CAC-bonded castable. The presence of non-brittle fracture at 1500 ◦C
can be observed in the undoped and doped systems, which is indicative of
creep. The creep resistance of the castable is not affected by up to 0.5 wt%
additional Na at 1300 ◦C, but higher levels of dopant reduce its resistance to
creep. At 1400 ◦C both the undoped and 1 wt% Na doped samples show a
comparable resistance to creep and rounded features can be observed in the
microstructure. The stress exponent, n = 1, suggests that both diffusional
and viscous creep are possible creep mechanisms. Since diffusional creep in
the castable system depends on the movement of Al3+ and O2− ions, it appears
unlikely that the addition of Na enhances the rate of diffusional flow. Since the
activation energy data suggests that no change in creep mechanism occurs,
viscous flow is the most feasible explanation for creep, where the viscosity of
the liquid phase is lowered with temperature and level of dopant, making it
more detectable. Any cracks are likely to occur in the matrix rather than the
aggregates, as the former is softer. The cracks are likely to occur along the
matrix-aggregate interfaces.
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Chapter 9
Refractory Formation in the
Al2O3-CaO-SiO2 System
In this chapter the effect of SiO2 addition to the Al2O3-CaO system is evalu-
ated. The aim is twofold: to carry out a comparison with the Al2O3-CaO system
(Formulation A), and to establish a basis on which the changes due to Na dop-
ing in the next chapter can be identified. The disagreement in the literature
regarding CAS2 (An, anorthite), C2AS (Geh, gehlenite), and A3S2 (Mul, mullite)
formation, which was described in Section 3.5, is evaluated, and the effect of
phase formation on elastic modulus and density discussed. The presence of
Na in the microstructure of an undoped system is also considered.
9.1 Results
The presence of SiO2 in the castable system alters the phase formation as
shown in Fig. 9.1. The transition from C12A7 to CA to CA2 cannot be observed
in the HTXRD. Around 950 - 1000 ◦C CAS2 (An) starts to form, which continues
to crystallise until 1500 ◦C.
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Figure 9.1: A) High temperature XRD patterns of undoped Formulation B
between 700 - 1150 ◦C at 50 ◦C intervals following a 1 min equilibration pe-
riod and B) XRD patterns of undoped Formulation B between 1150 - 1500 ◦C
followed by air quenching. The sample 6 h at 1500 ◦C was quenched after 6 h
at the indicated temperature, while all other samples were quenched once the
desired temperature has been reached. The heating rate for both measure-
ments was 3 ◦C/min.
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Between 1150 - 1350 ◦C, a peak, which is tentatively identified as being due
to cristobalite, a SiO2 polymorph, can be seen. Apart from CAS2 (An) and
Al2O3 no other phases can be detected at 1500 ◦C. The phase quantification
in Fig. 9.2 shows that CA is present at 300 ◦C but not at higher temperatures.
CA2 is also present at 300 ◦C. Considering the error margin associated with
the phase quantification, the amount of CA2 detected remains constant until
1350 ◦C, where it starts to disappear. The maximum amount of CAS2 (An) is
formed at 1500 ◦C (15.4 wt%).
Figure 9.2: Phase quantification in an undoped sample, where the left Y-
axis shows wt% Anorthite (An), CA, CA2, S (SiO2), and NβA, while the right
Y-axis shows wt% A (Al2O3). The X-axis shows the increase in temperature to
1500 ◦C, followed by the time in h at 1500 ◦C. Phase quantification has been
carried out on air-quenched samples. The lines connecting the points aid the
visual recognition of the phase trends.
Before the elastic modulus behaviour of Formulation B was assessed, the
variability associated with the preparation and measurement of the Al2O3-
CaO-SiO2 system was evaluated by repeating the measurement of elastic
modulus on 3 different batches as shown in Fig. 9.3. All 3 batches match
with respect to their green stiffness. Batch 2 shows a slight deviation from
600 ◦C and above. Despite all samples showing a comparable reduction in
169
stiffness from 1100 ◦C, sample 2 shows a slightly higher modulus on cooling
(105 GPa in batch 2 compared to 100 GPa in batches 1 and 3). Consider-
ing the agreement in green stiffness between all batches, sample preparation
can be regarded as highly repeatable despite the heterogeneous nature of the
castable. The deviation of batch 2 from 600 ◦C is hence a result of the manner
in which the measurement was carried out. Slight movement of the sample
as a result of an overly intense impulse in the RFDA can change its position
on the nodes and hence alter the vibration. Nevertheless all batches show the
same trend and the margin of error is small.
Figure 9.3: Repetition of elastic modulus measurement on 3 different
batches from undoped Formulation B to assess error associated with the mea-
surement.
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Only a small reduction in elastic modulus from 45 to 40 GPa occurs be-
tween room temperature and 400 ◦C as the sample is heated for the first time
(see Fig. 9.4A) despite the fact that this reduction is accompanied by a mass
loss of 3% (see Fig. 9.4B). Some residual mass loss occurs between 300 -
900 ◦C, but the sample mass remains constant thereafter. The reduction in
stiffness and the mass loss from room temperature to 300 ◦C are accompa-
nied by shrinkage (Fig. 9.4C). As the temperature increases, the system be-
gins to expand, however the overall expansion only reaches 0.15%. Between
900 - 1000 ◦C the expansion levels off at 0.05% but continues thereafter un-
til shrinkage occurs at 1400 ◦C. Elastic modulus remains constant at 40 GPa
between 400 - 700 ◦C, as the temperatures rise towards 1100 ◦C the elastic
modulus increases significantly to 80 GPa. As shown in Fig. 9.4A, the onset of
this increase in stiffness is accompanied by a peak in damping between 800 -
1000 ◦C. With increasing temperature, the damping signal starts to rise until,
at 1100 ◦C, stiffness starts to drop. A broad exothermic peak can be observed
between 1200 - 1500 ◦C (Fig. 9.4B).
Fig. 9.5 depicts the dimensional variations against time so that the
changes during the isotherm can be represented more clearly. After 10 min
at 1500 ◦C the shrinkage slows down but continues at a slower rate for the
whole length of the isotherm. Upon cooling, the sample shrinks by 4%. When
the same sample is reheated, a more significant degree of linear thermal ex-
pansion of up to 2% occurs as 1500 ◦C is reached. Once at 1500 ◦C shrinkage
starts again. Fig. 9.6 compares the second run of Formulation B (the same
shown in Fig. 9.5) and the alumina standard. Until 1500 ◦C the thermal ex-
pansion of both samples is comparable, before Formulation B starts to shrink.
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Figure 9.4: A) Elastic modulus and damping evolution, B) TG-DTA, and C)
linear thermal expansion (where dL is the change in length with temperature
and Lo is the initial sample length) of undoped Formulation B. The overall
expansion of 0.15% is highlighted using a double headed arrow.
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Figure 9.5: Linear thermal expansion of green and heat treated undoped
Formulation B samples, shown during the heat-up to 1500 ◦C and during a
180 min isotherm.
Figure 9.6: Comparison of normalised linear thermal expansion of heat
treated undoped Formulation B and alumina standard, shown during the heat-
up to 1500 ◦C and during a 180 min isotherm.
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The green relative density of the undoped Formulation B sample is 76%,
which is 7% higher than the relative densities exhibited by the samples heat
treated at 1100 and 1350 ◦C as shown in Fig. 9.7. After heating at 1500 ◦C
relative density is at its highest at 79%.
Figure 9.7: Relative density of undoped Formulation B with temperature,
where the measured Archimedes density of green samples at room temper-
ature is with respect to the theoretical densities as stated in the producer
specifications, and those of the quenched samples are with respect to densi-
ties from phase quantification. The heat treated samples have been exposed
to the indicated temperature for 6 h prior to testing at room temperature.
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The microstructure of the refractory in the Al2O3-CaO-SiO2 system is
shown in Figs. 9.8, 9.9 and 9.10. The matrix, shown in Fig. 9.8, contains
Ca, Si, and some Na, while the larger grains (≥ 10µm) contain mainly Al.
The line scan in Fig. 9.9 shows that the undoped sample contains ∼ 0.7 wt%
Na, however high levels of Na (∼ 1.1 wt%) can be detected in points 7 and
8. Fig. 9.10 shows a line scan on the SiO2-rich area of the microstructure.
Between 8 - 10 wt% SiO2 is detected in this region, while the concentration
of Na is low (0.2 - 0.3 wt%). A fracture surface after 6 h exposure to 1500 ◦C
is shown in Fig. 9.11. It shows rounded grains within a smooth matrix, which
is indicative of liquid formation.
Figure 9.8: WDS maps showing areas wich in the elements Al, Ca, Si, and
Na highlighted in blue, yellow, red, and green respectively, in an undoped
Al2O3-CaO-SiO2 system after a 6 h heat treatment at 1500 ◦C.
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Figure 9.9: WDS with quantitative line scan on undoped Formulation B sam-
ple after a 6 h heat treatment at 1500 ◦C, where the yellow line shows the
measured wt% Na on a 0 - 1.1 wt% Na scale.
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Figure 9.10: BSE image plus quantitative WDS line scan on SiO2-rich area in
Formulation B sample, where the left Y-axis shows Na (yellow) on a 0 - 0.3 wt%
scale and the right Y-axis shows Si (red) on a 0 - 12 wt% scale.
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Figure 9.11: SEI of a fracture surface of undoped Formulation B. The square
on image A shows the area where image B was taken. The sample was heated
to 1500 ◦C at a 3 ◦C/min rate and cooled at 20 ◦C/min to prevent any recrys-
tallisation.
9.2 Discussion of Results About Refractory For-
mation in the Al2O3-CaO-SiO2 System
No consensus exists in the literature regarding the formation of C2AS (Geh)
and CAS2 (An) in the Al2O3-CaO-SiO2 castable systems as outlined in Sec-
tion 3.5. Parr et al. [53] and Lee et al. [13] describe the formation of both,
while Nonnet et al. [45] and Khalil [54] observe only C2AS (Geh) and CAS2
(An) formation, respectively. The phase diagram in Fig. 9.12 shows that both
are thermodynamically possible, depending on the composition used. In the
case of Formulation B, only CAS2 (An) is observed (see Fig. 9.1), which is
in accordance with the FactSage prediction but no A3S2 (Mul) was formed.
As indicated on Fig. 9.12, 13.5% A3S2 (Mul) is predicted to form. The phase
quantification in Fig. 9.2 reveals that all the SiO2 has reacted once 1500 ◦C
is reached and hence the formation of another silica-containing phase is un-
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likely. Even after 6 h at 1500 ◦C the phase cannot be detected, which suggests
that, while its formation is thermodynamically possible, kinetically the crys-
tallisation of A3S2 (Mul) in the castable system is unfavourable. This agrees
with observations made by Chen et al. [132] and Wahl et al. [133] that A3S2
(Mul) is hard to form and its formation is strongly dependent on the Al2O3 and
SiO2 precursors. It is however possible that a longer dwell time would lead to
A3S2 (Mul) formation.
Figure 9.12: Magnified high Al2O3 corner of the Al2O3-CaO-SiO2 phase di-
agram at 1500 ◦C predicted by FactSage. The circle indicates the expected
composition of Formulation B. Phase diagram mode was used to make the
phase diagram, and Equilib mode was used to predict the quantities of the
expected phases. The oxide database was used and the following solution
species allowed for the phase diagram: FToxide-SLAGA, FToxide-MeO_A,
FToxide-cPyrA, FToxide-Mel_, FToxide-Mull.
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The low dimensional changes observable during the first heat-up of un-
doped Formulation B to T < 1400 ◦C, as shown in Fig. 9.5, suggest that the
system is largely stable below that temperature. Shrinkage occurs at higher
temperatures and during the isotherm. Fig. 9.6 shows that the more signif-
icant degree of expansion observable during the second heat-up of the sam-
ple is comparable to the alumina standard. This implies that the shrinkage
observed during the first exposure to heat resulted in improved bonding be-
tween the aggregates and the matrix, so that the expansion of the alumina
can no longer be accommodated by re-organisation of the alumina aggregates
inside a matrix not capable of locking the aggregates in place.
The stiffness of undoped Formulation B is compared to that of undoped
Formulation A as shown in Fig. 9.13. Green stiffness in the Al2O3-CaO-
SiO2 system is ∼ 10 GPa higher than in the silica-free formulation. Most
noticeable is the absence of a significant drop in elastic modulus as the wa-
ter is removed from the sample. The effect of water loss occurs gradually,
presumably due to the presence of silica fume acting as a pore filler. The
green densities of both undoped formulations are comparable (∼ 77% for A
and ∼ 76% for B). While 1 wt% less water is required for the hydration of
Formulation B this does not appear a sufficiently large difference to explain
the observed variations. The development of calcium alumina-silicate hydrate
(CASH) phases [22, 50, 51] during the curing process helps to explain the
difference, as these phases fill the voids between particles created by the loss
of water, thereby reducing the effect on stiffness. Comparison with the mea-
surements made by Nonnet et al. on a castable system containing only 1%
SiO2 (see Fig. 3.17) shows that such small additions of SiO2 do not lead to a
gradual stiffness reduction. [45]
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Fig. 9.4A shows that the water loss and gelation lead to no noticeable
change in the damping of the system. Damping remains low until ∼ 800 ◦C.
As the damping signal in general is prone to fluctuations, it is impossible to
decide whether the slight increase from 700 ◦C is due to internal friction or
just noise. The peak in damping accompanies the increase in elastic modulus.
No phase can be seen to crystallise at 700 or 800 ◦C in Fig. 9.1A. The increase
in stiffness from 800 ◦C is therefore likely due to an increase in cohesion
accompanying the onset of sintering. Damping rises again from 1000 ◦C.
As subsequently stiffness drops and shrinkage is observed (Fig. 9.4A and C),
the damping can be associated with the formation of a viscous phase which
becomes more significant as temperature increases. The measurement was
only carried out to 1400 ◦C as the slumping deformation associated with liquid
formation at higher temperatures became too severe.
Evidence of liquid formation in the matrix is shown in Fig. 9.11. Rounded
grains in a smooth matrix are visible, which gives an indication of the forma-
tion of a viscous phase and further evidence is described below.
On cooling the silica-containing liquid solidifies at ∼ 1000 ◦C as reflected
in the sharp increase in stiffness and reduction in damping (Fig. 9.4A). Simi-
lar behaviour was observed by Nonnet et al. [45] Evidence for viscous phase
formation is also provided by the dimensional variability measurement in
Fig. 9.5, which shows that shrinkage continues less significantly a few min-
utes into the isotherm and again for the duration of the second isotherm. It
seems than at 1500 ◦C the load exerted by the dilatometer is sufficient to lead
to viscous deformation of the sample. As a consequence of the formation of
a glassy phase, the density measured on samples exposed to this tempera-
ture is much higher that at 1350 ◦C (see Fig. 9.7, where relative density at
1350 ◦C is ∼ 69% and at 1500 ◦C ∼ 79%). The higher densities lead to more
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homogeneous microstructures as shown in Fig. 9.8 and 9.9. The flat surfaces
make it worthwhile to carry out quantitative line scans. Fig. 9.9 suggests the
presence of 0.7 wt% Na in the matrix of the undoped system, which does not
agree with the 0.3 wt% Na determined by XRF and specifications of the man-
ufacturers as described in Chapter 4. This can be explained by the fact that
a bulk powder sample was examined using XRF, which gives an average of all
components, while the EPMA was specifically carried out at interfaces where
sodium concentrations might differ.
In general it was expected that the sodium levels in the matrix would be
higher than those in the aggregates. Points 1-7 and 1-8 of the line scan shown
in Fig. 9.9 are however on an aggregate but the detected amount of Na at
these locations is higher even than in the matrix. While edge and height
effects can affect the measurement this seems an unlikely explanation since
no variation is observed at other points such as 1-2 and 1-9. It is possible
that the interaction volume includes a sodium-rich region below or that the
aggregate itself is high in sodium. Judging by its size, the particle in question
could be calcined alumina (AC44B4, Alteo, D50=4µm) which has the highest
soda content of all the aluminas used. The manufacturer specifications state
the presence of 0.36% Na2O. Since the aggregates tend to be harder than the
matrix, they often remain spatially higher even after grinding and polishing.
Fig. 9.10 shows that the smallest features in the undoped Formulation B
microstructure are the SiO2 grains (∼ 0.15 µm). While some can be seen
distributed throughout the sample, they show a tendency to cluster together.
The SiO2 rich area of the matrix shown in Fig. 9.10 contains ∼ 0.26 wt%
Na. The lowering of the average sodium-content when SiO2 is present is con-
sistent with the low Na2O levels measured in the material as stated in the
manufacturer specifications (see Section 4.1).
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Comparison with undoped Formulation A (Fig. 9.13A) show that the pres-
ence of SiO2 leads to a slight ∼ 10 GPa increase in green stiffness. It is
probably the formation of the calcium aluminosilicate gel, which reduces the
negative effect of water-loss during heat-up on stiffness. The elastic modu-
lus of undoped Formulation B (Fig. 9.13B) also begins to increase at lower
temperatures and rises more significantly up to ∼ 1100 ◦C. Despite the dete-
rioration at higher temperatures, the elastic modulus of undoped Formulation
B is higher than that in undoped Formulation A up to 1400 ◦C. Thereafter the
system becomes too soft to be measured. No such deterioration is observed in
undoped Formulation A. With regards to the elastic modulus, silica-containing
formulations therefore appear more useful for applications at T < 1200 ◦C
while the silica-free one can be used at higher temperatures.
Figure 9.13: Comparison of stiffness development with temperature of un-
doped Formulations A (Al2O3-CaO system) and B (Al2O3-CaO-SiO2 system).
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9.3 Conclusions About Refractory Formation in
the Al2O3-CaO-SiO2 System
Analysis of the Al2O3-CaO-SiO2 system is useful so that a baseline can be es-
tablished for subsequent comparison with the doped systems, but it is also
possible to assess the effect of SiO2 addition on the castable system by com-
paring it to the Al2O3-CaO formulation. With regards to the latter case, it
was shown that the elastic modulus in a silica-containing system is higher at
T < 1200 ◦C and comparable up until 1400 ◦C.
The addition of 10 wt% SiO2 reduces the negative effect of dehydration on
stiffness, probably due to the formation of CASH phases. [22, 50, 51] This is
also reflected in the absence of damping during dehydration. From 800 ◦C on-
wards the modulus of elasticity rises sharply from 35 to 80 GPa at 1100 ◦C in
the Al2O3-CaO-SiO2 system due to an increase in cohesion between particles,
likely associated with the onset of sintering. No A3S2 (Mul) was observed
even after 6 h of heat treatment despite being thermodynamically possible.
From 1200 ◦C onwards the elastic modulus decreases sharply. Consistent
with the simultaneous increase in damping, shrinkage, enhanced density, and
a resultant rounded microstructure, this is attributed to the formation of a
silica-containing liquid.
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Chapter 10
Effect of Sodium on Refractory
Formation in the
Al2O3-CaO-SiO2-Na2O System
The consequences of different levels of sodium addition on the refractory for-
mation of an Al2O3-CaO-SiO2 model refractory system are explored in this
chapter with regards to the baseline established in Chapter 9. The effect
of Na on silica-containing castables has not been discussed elsewhere in the
published literature.
10.1 Results
When Na2O is added to the Al2O3-CaO-SiO2 system, NAS2 (Nepheline, Nep)
forms from 900 ◦C onwards as shown on Fig. 10.1. CAS2 (Na-An) is detected
from 950 ◦C, unlike in the undoped system (Fig. 9.1), where CAS2 (An) is
formed at 1050 ◦C. The distinction between sodium-containing anorthite (Na-
An) and sodium-free anorthite (An) is discussed further below. Similar to the
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undoped system CA2 is present up until 1350 ◦C. At 1350 ◦C only 1 ±1.6 wt%
of NAS2 (Nep) can be identified (Fig. 10.2), while CAS2 (Na-An) and Al2O3 are
the predominant phases in the system, making up 8.2 and 89.2 ±1.6 wt%
respectively. At 1500 ◦C, only Al2O3 is crystalline and can be detected (see
Figs. 10.1B and 10.2). It therefore makes up 100% at that temperature On
cooling, from 1400 to 1300 ◦C, CAS2 (Na-An) recrystallises, but no NAS2 (Nep)
can be detected as shown in Fig. 10.3.
Fig. 10.4A shows that 1 wt% Na doped Formulation B undergoes a signif-
icant reduction from 35 to 21 GPa in elastic modulus when the green body is
first heated from room temperature to 100 ◦C. Between 100 - 200 ◦C, a slight
increase in stiffness of ∼ 4 GPa is observed, followed by a further drop of
∼ 6 GPa as the temperature reaches 300 ◦C. Large fluctuations in damping
(± 0.0025) accompany the changes in stiffness. A two-step mass loss occurs
between room temperature and 200 ◦C, and between 200 - 400 ◦C, as shown in
Fig. 10.4B. An exothermic peak accompanies the latter 2% reduction in mass.
The mass loss continues, but less significantly (only 1%) until 800 ◦C. Above
800 ◦C the sample mass remains constant. The elastic modulus increases by
∼ 4% between 300 - 400 ◦C but drops back to 20 GPa by 600 ◦C. A large
stiffness increase from 20 to ∼ 55 GPa takes place between 600 - 1000 ◦C. At
and above this temperature stiffness remains constant, until the temperature
rises above 1200 ◦C, when a significant drop from 55 GPa to below 20 GPa
occurs. A large damping peak accompanies the increase in stiffness between
600 - 850 ◦C. From 1000 ◦C upwards damping increases as well.
On cooling from 1400 to 1000 ◦C the elastic modulus increases from 10
to 95 GPa. The damping signal during this temperature range drops steadily
and shows none of the fluctuations observed during the heat-up. Once cooled
below 1000 ◦C, stiffness gradually stabilises at ∼ 100 GPa.
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Figure 10.1: A) High temperature XRD patterns of 1 wt% Na doped Formula-
tion B from 700-1150 ◦C at 50 ◦C intervals and B) XRD patterns of Formulation
B from 1150 - 1500 ◦C followed by air quenching. The sample 6 h at 1500 ◦C
was quenched after 6 h at the indicated temperature, while all other samples
were quenched once the indicated temperature has been reached. The heat-
ing rate for both measurements was 3 ◦C/min. Nep = nepheline,
Na-An = sodium anorthite.
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Figure 10.2: Phase quantification in the 1 wt% Na doped Formulation B,
where the left Y-axis shows wt% Anorthite (An), CA, CA2, Nep (Nepheline),
and NβA , the right Y-axis shows wt% α-A (Al2O3). The X-axis shows the in-
crease in temperature to 1500 ◦C, followed by the time at 1500 ◦C in h. Quan-
tification has been carried out on air-quenched samples. The lines connecting
the points aid the visual recognition of the phase trends.
Figure 10.3: XRD pattern of samples cooled from 1500 ◦C to the indicated
temperatures at a 10 ◦C/min cooling rate, and subsequently air quenched to
room temperature. NaAn = sodium-anorthite.
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Figure 10.4: A) Elastic modulus and damping evolution, B) TG-DTA, and
C) linear thermal expansion of 1 wt% doped Formulation B (where dL is the
change in length with temperature and Lo is the initial sample length).
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Fig. 10.5 compares the effect of temperature on the elastic modulus be-
haviour of samples with different amounts of dopant. All doped samples show
a reduction in green stiffness, as well as two further drops in stiffness during
the heat-up, as outlined above. The increase in stiffness begins at 600 ◦C in
all doped samples, 100 ◦C lower than in the undoped case. Stiffness levels off
at 1000 ◦C in the doped samples, and at 1100 ◦C in the undoped one, however
all samples show a stiffness drop above 1200 ◦C.
When cooled, the 0.3 and 0.5 wt% Na doped samples show the lowest gain
in stiffness after being heat treated, as the difference between green and
consolidated body is only 40 GPa, while it is 55 GPa for the undoped one and
70 GPa for the 1 wt% Na doped case.
Figure 10.5: Comparison of elastic modulus evolution with temperature
by RFDA in Formulation B samples undoped and with 0.3, 0.5, and 1 wt%
Na.
190
The dimensional changes during the first 300 ◦C are minimal, and are
followed by a 0.4% linear expansion as temperature increases to 600 ◦C
(Fig. 10.4C). Between 600 - 800 ◦C the sample shrinks back to its initial
length, until it expands by 0.6% as it is heated to 1350 ◦C. At higher tempera-
tures, a shrinkage of 1.6% along the direction of the push rod of the dilatome-
ter can be observed. The shrinkage, which started at 1350 ◦C, continues at
higher temperatures as shown in Fig. 10.6A. After 175 min at 1500 ◦C the
undoped sample shrank by 2.5%, and samples doped with 0.3, 0.5, and 1 wt%
Na shrank by 4.9, 7.0 and 12.5% respectively. As the samples are reheated
(see Fig. 10.6B) all expand by ∼ 2% from room temperature to 1500 ◦C, but
shrinkage continues during the isotherm.
Figure 10.6: A) Comparison of the linear thermal expansion measurements
of Formulation B undoped, and doped with 0.3, 0.5, and 1 wt% Na, which have
all been normalised to their initial length, and B) rerun of the same samples
without normalisation to show the degree of shrinkage.
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Fig. 10.7 suggests that the relative density of the 1 wt% doped Formula-
tion B sample follows the same trend as the undoped one: green density is
76% and is reduced as the temperature increases. Density is at its lowest at
1100 ◦C and increases to 71% at 1500 ◦C. The data suggest that the undoped
sample at 1500 ◦C has a higher density than the doped one.
The error associated with the density measurement was 3.4% for the un-
doped system and 3.6% for the doped one, which is the sum of the error
associated with each phase quantification and a 2% variability related to the
Archimedes density measurement.
Figure 10.7: Relative density of undoped and 1 wt% Na doped Formula-
tion B with temperature, where the measured Archimedes density of green
samples is with respect to the theoretical densities as stated in the manufac-
turer’s specifications, and those of the quenched samples are with respect to
densities from phase quantification.
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WDS maps taken on the 1 wt% doped sample are shown in Fig. 10.8A. The
large features are high in Al, while the matrix contains some Al as well as
Ca, Si, and Na. While the maps are non-quantitative, the intensities can be
compared to evaluate the locations of the Na in the microstructure as shown
in Fig. 10.8B. When the level of dopant increases, so does the intensity. The
image of the undoped sample (0.0), but even more the image of the 0.3 wt%
Na doped case (0.3), suggests that Na is more concentrated in certain areas.
Na appears more evenly dispersed throughout the 1.0 wt% doped system. The
quantitative WDS line scans shown in Fig. 10.9 suggest the presence of up to
4 wt% Na in the matrix.
The change of the microstructure as the sample is heated from 1150 ◦C to
1500 ◦C is shown in Fig. 10.10. As the temperature increases the system be-
comes denser. Fig 10.11 suggests that this densification is the consequence
of viscous phase formation, as it shows the Al2O3 grains rounded and sur-
rounded by a dense matrix. The formation of a glassy phase is confirmed
in Fig. 10.12, which shows a bright-field image of the interface between a
crystalline Al2O3 grain and the non-crystalline matrix.
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Figure 10.8: A) WDS element maps of a 1 wt% Na doped Formulation B
showing areas rich in certain elements as follows: Al = blue, Ca = yellow,
Si = orange, Na = green. B) Comparison of the Na levels 0.0, 0.3, and 1.0 wt%
in Formulation B as reflected by the pictured intensities, where the scale bar
on the right is non-quantitative showing only intensity of Na detected.
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Figure 10.9: BSE image with quantitative WDS line scans on 1 wt% Na
doped Formulation B sample after a 6 h heat treatment at 1500 ◦C, where the
yellow line shows the measured wt% Na on a 0 - 4 wt% Na scale (as shown in
the Y-axis).
Figure 10.10: Comparison of microstructures of 1 wt% Na doped Formula-
tion B quenched from A) 1150 ◦C, and B) 1500 ◦C.
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Figure 10.11: SEI of fracture surface of a 1 wt% Na doped Formulation B
sample heated to 1500 ◦C at 3 ◦C/min and cooled at 20 ◦C/min. Rounded
grains and dense matrix surrounding them indicate formation of a viscous
liquid which forms a glassy phase on cooling.
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Figure 10.12: Transmission electron micrograph of 1 wt% Na doped Formu-
lation B, which was quenched from 1500 ◦C. A) shows the enhanced area of
the amorphous matrix, and B) shows a crystalline Al2O3 grain. Selected area
electron diffraction patterns are shown for both regions.
10.2 Discussion of Effect of Sodium on Re-
fractory Formation in the Al2O3-CaO-SiO2-
Na2O System
The presence of the Na dopant reduces the green stiffness of all doped sam-
ples, as was also the case in the Al2O3-CaO-Na2O system (see Fig. 7.11). The
addition of NaOAc slightly increases the solution pH during hydration (see
Section 4.2), which likely leads to quicker and more uneven formation of
CASH phases. [22, 50, 51] This early setting reduces the elastic modulus of
the green samples. The decomposition of the dopant results in fluctuations of
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stiffness during heat-up. The rise of elastic modulus from 600 ◦C onwards in
the doped systems, as opposed to 800 ◦C in the undoped one (see Fig. 10.5),
has to be caused by the presence of Na since it occurs in all doped samples.
Acting as a flux, the presence of Na advances the onset of sintering. In addi-
tion, the comparison of HTXRD results in Fig. 10.13 shows that CAS2 (Na-An)
crystallises at∼ 100 ◦C lower in the doped case. NAS2 (Nep) crystallises 50 ◦C
lower than CAS2 (An). The advanced increase in elastic modulus can therefore
be attributed to earlier sintering and phase formation at lower temperatures,
leading to development of cohesion between particles.
Figure 10.13: Comparison of temperature of CAS2 (An) and CAS2 (Na-An)
formation in A) undoped, and B) 1 wt% Na doped Formulation B.
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While the formation of NAS2 (Nep, hexagonal) can be followed using XRD,
it is also possible for CAS2 (An, triclinic) to form a sodium-containing solid
solution compound with CAS6 (Albite, Ab, triclinic) as shown in Fig. 10.14.
This is likely to be the case as only 20% of the added Na is accounted for in
the quantified NAS2 (Nep) shown in Fig. 10.2.
As Fig. 10.14 shows, various compositional ranges are possible in the
alkali-feldspar series. The sodium-content in the feldspar is therefore vari-
able, but likely remains compositionally closer to the CAS2 (An) side of the
phase diagram. The phases were therefore labelled as Na-An.
Figure 10.14: Albite (NAS6) - Anorthite (CAS2) phase diagram modified
from [80].
After heating to 1500 ◦C no phase other than Al2O3 can be identified, which
leads to the assumption that the other elements are in a non-crystalline state
such as a liquid (see Fig. 10.2). As a result, the quantification at this tempera-
ture is meaningless on its own but was included in the graphs to show trends.
No broad peak characteristic of amorphous phases is present in the XRD pat-
tern due to the heterogeneous microstructure: at ∼ 1500 ◦C only the matrix
components become viscous, but not the Al2O3 aggregates. The presence of
a glassy phase is therefore most evident from the trend presented in the XRD
and the microstructures (see Fig. 10.10 and Fig. 10.11).
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The onset of viscous phase formation occurs at ∼ 1100 ◦C where the elas-
tic modulus begins to decrease. The decrease is likely caused by softening
of the higher alkali feldspars, that have been shown by Greig [80] to melt at
∼ 1120 ◦C (see Fig. 10.14 for the CAS2 (An) – NAS6 (Ab) phase diagram as
taken from Fig. 3.15). Gradually, more softening occurs as the temperature
increases. Fig. 10.15 shows that at 1200 ◦C, the CAS2-NAS2 system contains a
liquid. The thermodynamic calculations also suggest the presence of CA6 and
C2AS (Geh), which are not observed. Instead CA2 is present at 1200 ◦C, which
indicates that the formation of CA6 might be thermodynamically possible but
not kinetically favourable in the experimental timescale. C2AS (Geh) forma-
tion in the model castable system was discussed to be unlikely in Section 9.2.
At 1350 ◦C the amount of viscous phase present has grown sufficiently
large to result in significant shrinkage along the direction of the push rod
(Fig. 10.6). During the first and second isotherm at 1500 ◦C the shrinkage
continues, likely as a combination of void closure due to amorphous phase
formation and creep under the load exerted by the dilatometer. The mag-
nitude of shrinkage increases with the amount of Na dopant present. Di-
mensional changes such as those observed at T > 1350 ◦C would make the
castable useless for practical applications. Below that temperature all of the
silica-containing samples show a much smaller dimensional variability than
the silica-free ones discussed in Chapter 7, even when Na is added: at 1350 ◦C
the undoped and 1 wt% Na doped silica-free samples expanded by 1.85% and
2.5%, while the silica-containing ones showed only 0.18% and 0.52% expan-
sion, respectively. Since many CAC-bonded castables are used in applications
below 1200 ◦C the use of silica as a filler is reasonable. [32]
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Figure 10.15: Anorthite (CAS2) - Nephelite (NAS2) phase diagram at 1200 ◦C
predicted by FactSage, where An = CAS2, Nep = NAS2, A = Al2O3, Geh =
C2AS, Cg = Carnegieite, Slag = liquid/ glass phase oxides of the relevant
ions. The database used was FToxide and all available solid solution species
allowed. The X-axis shown is in g An/(An + Nep), the Y-axis shows temperature
[◦C].
Fig. 10.7, which shows the density changes of the undoped and doped
Formulation B with temperature, reveals that the addition of Na has no effect
on the green density within the margin of error. At 1500 ◦C it is impossible
to compare the relative densities as only Al2O3 was present in the crystalline
state in the doped samples. The formation of amorphous phases makes the
approach to evaluate relative density outlined in Section 5.15 inapplicable as
it relies on a quantification of crystalline phases.
The microstructures in Fig. 10.10 reflect the increase in glassy phase and
density with temperature: at 1500 ◦C the matrix is even and no individual
matrix components can be seen, while at 1150 ◦C pores and matrix grains
are visible. The fracture surface in Fig. 10.11 shows the presence of rounded
grains in a dense matrix, which is also indicative of viscous liquid formation,
201
cooling to a glass. Additional proof of glass formation in the matrix is shown
in the transmission electron micrographs and diffraction patterns shown in
Fig. 10.12. Area A shows the matrix part, which has been shown by EDX to
contain Al, Si, and Ca, while area B contains only Al. Area A shows no diffrac-
tion, which is consistent with melting of the matrix components. The WDS
maps in Fig. 10.8B suggest that certain areas contain more Na than others.
The distribution of the high-sodium regions appears random. Consistent with
observations made in Section 9.1, the clusters of SiO2, which are low in Na
and appear throughout the matrix, will result in the other matrix areas show-
ing up as high in Na. In addition, some calcined alumina grains have been
shown in Chapter 9 (Fig. 9.9) to contain larger amounts of Na. They could
also appear as high-sodium areas.
In the 1 wt% Na doped sample (Fig. 10.8A and B(1.0)) the dopant appears
more evenly distributed even in the silica-rich areas. The dopant has now
spread evenly among the SiO2 grains. The overall Na content of the matrix
might also equal that of the enriched calcined alumina grains and therefore
no areas stand out. The microstructure shown in Fig. 10.9 also underlines
that the dopant is evenly distributed throughout the area of analysis.
When the doped samples cool down, sodium-containing CAS2 (Na-An) re-
crystallises from 1300 ◦C as shown in Fig. 10.3. No NAS2 (Nep) can be ob-
served. It is possible that the phase does not crystallise and remains amor-
phous, or that it recrystallises as sodium-containing CAS2 (Na-An).
The as-measured and normalised stiffness data in Fig. 10.16A show that
the elastic modulus of the samples doped with 0.3 and 0.5 wt% Na is ∼ 15
GPa lower on cooling compared to the undoped one, while the specimen with
1 wt% Na dopant shows a 15 GPa increase in stiffness. The data for the 0.3
and 0.5 wt% Na doped samples vary slightly when normalised as a conse-
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quence of a small variation in green stiffness (Fig. 10.16B), but overall the
effect of these dopant levels is comparable. The initial reduction in green
stiffness is likely the result of pH changes caused by the dopant (as outlined
in Section 4.2) resulting in an uneven distribution of the matrix and the de-
creased workability. As a consequence of this reduction in green stiffness,
the elastic modulus is also lower on cooling. The elastic modulus in the 1 wt%
Na doped sample is however increased as a consequence of larger amounts
of viscous phase which solidify and boost stiffness on cooling. At this level of
dopant, the sodium acts as a flux, unlike in the Al2O3-CaO system, where it
reduces the stiffness on cooling by 10 GPa.
The negative effect the NaOAc has on the green stiffness has to be taken
into account when evaluating the overall effect of Na on the stiffness. Since
the dopant has to be introduced in some way, the reduction in elastic modulus
can be regarded as inevitable. The presence of the dopant reduced the green
stiffness from 45 GPa to 30 GPa. This 15 GPa reduction occurred in all doped
samples. When taking this into account, the difference between green and
consolidated stiffness of the undoped, 0.3, and 0.5 wt% Na doped samples is
comparable. In correlation with the dilatometry data, which showed a lack
of sodium-induced dimensional changes at T < 1350 ◦C (see Fig. 10.6), this
suggests that the addition of up to 0.5 wt% Na does not significantly alter the
properties of the Al2O3-CaO-SiO2 system.
The analysis of the elastic modulus behaviour with temperature was re-
peated using the pulse echo technique available at Kerneos SA in Lyon,
France, (see Section 5.9 for pulse-echo set-up) with the aim to compare the re-
sults to the ones obtained from the RFDA. Fig. 10.16 shows that the observed
trends are comparable, but that the measured values differ: the undoped
sample is 15 GPa lower at room temperature using the pulse-echo technique.
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The green stiffness of the doped samples is also lower. Since the specimens
for both techniques were prepared in different laboratories (see Section 5.9),
this could be a consequence of the particular equipment used. Alternatively,
it might be a result of the Al2O3-glue which was necessary in the pulse-echo
set-up to attach to the sample. The glue could reduce the contact between rod
and sample and thereby lower the measured elastic modulus. All doped sam-
ples show a reduction in stiffness between room temperature and 400 ◦C, but
the distinct peaks observed in Fig. 10.16A and B cannot be seen. Assuming
the glue does negatively affect the signal, this might indicate that the pulse-
echo technique is less accurate at lower temperatures. However, it could also
show that the RFDA overestimates the results.
The signal in the pulse-echo set-up is lost as 1200 ◦C is exceeded. In the
pulse-echo measurement carried out on the undoped sample, the signal loss
occurs at 1300 ◦C, which is 100 ◦C higher than with the RFDA, and the signal
is not regained on cooling. Large sample deformation with temperature or
sample movement on the intricate pulse-echo set-up can result in such a loss
of data. The doped samples show a similar trend to the ones in Figs. 10.16
A and B on cooling. Comparison of the normalised data shows that similar
stiffness gains can be observed in both techniques despite variability in the
green values. No damping signal can be obtained with this analysis.
Overall, comparison of the RFDA and the pulse-echo technique shows that
the latter is either less sensitive or that the RFDA overestimates at lower
temperatures. At higher temperatures the pulse-echo set-up is more able
to follow stiffness changes than the RFDA. When no internal friction data is
required, that might make the pulse-echo technique more suitable for use in
refractories.
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Figure 10.16: Elastic modulus of all Formulation B samples with temperature A) RFDA data, B) normalised RFDA
data, C) Pulse echo data and D) normalised pulse echo data.
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10.3 Conclusions About Effect of Sodium on Re-
fractory Formation in the Al2O3-CaO-SiO2-
Na2O System
When sodium is added to the Al2O3-CaO-SiO2 system, NAS2 (Nep) and sodium-
containing CAS2 (Na-An) form. The green elastic modulus is reduced in all
doped samples due to an uneven distribution of the CASH phases [22, 50, 51],
formed during the hydration process, which leaves voids within the sample.
Due to the addition of the dopant, the sodium-containing feldspar phases form
earlier than in the undoped system. The space-filling formation of feldspar
phases results in a consolidation of the microstructure which is reflected in
the increase in elastic modulus at lower temperatures. Despite the earlier
stiffness increase, the doped systems do not reach the same maximum stiff-
ness as the undoped castable. On cooling the 0.3 and 0.5 wt% Na doped
samples are ± 15 GPa lower in elastic modulus than the undoped equivalent.
When regarding the initial reduction as an inherent consequence from the
effect of dopant on the green stiffness rather than an impact of the actual
Na, the model castable stiffness is not significantly affected by up to 0.5 wt%
Na. In the 1 wt% Na doped sample the dopant acts as a flux, which results
in liquid phase formation. As this liquid solidifies on cooling, a 10 GPa rise
in stiffness can be observed. The formation of liquid is evident from the XRD
pattern (Fig. 10.1), the microstructure (Fig. 10.11), and the large deforma-
tion in the dilatometer (Fig. 10.6), where the presence of liquid leads to large
shrinkage at 1500 ◦C. The shrinkage observed at T > 1350 ◦C increases with
the amount of dopant added. Below this temperature no sodium-induced di-
mensional changes are observable.
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Chapter 11
Effect of Sodium on Mechanical
Properties of Refractories in the
Al2O3-CaO-SiO2-Na2O System
This chapter considers the result of Na level variation on the elastic modulus
and creep resistance of consolidated, i.e. heat treated, Formulation B sam-
ples. No strength measurements were carried out due to a lack of availability
of the equipment.
11.1 Results
The changes in elastic modulus, when the consolidated undoped Formula-
tion B samples are exposed to heat, is shown in Fig. 11.1. The samples show
a gradual decrease of elastic modulus from 107 GPa at room temperature to
95 GPa at 1100 ◦C. At higher temperatures the signal drops sharply. From
900 ◦C the damping starts to increase. On cooling, both signals follow a simi-
lar trend in reverse.
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The changes in stiffness behaviour of the consolidated 0.3 wt% Na doped
sample is shown in Fig. 11.2. Despite the high level of noise in these measure-
ments, stiffness remains constant until ∼ 1000 ◦C, followed by a sharp drop.
This significant reduction of elastic modulus is accompanied by an increase
in damping. Although the signal has been lost at the highest temperatures, a
similar trend was observed on cooling.
The creep resistance of undoped and 1 wt% doped samples has been mea-
sured at 1200, 1300, and 1400 ◦C as shown in Fig. 11.3. At 1200 ◦C, and
under the indicated loads, the creep rate in the undoped samples is too low
to be measured reliably on the available equipment and is hence not shown
on the figure. The presence of the dopant reduces the creep resistance at
1200 ◦C significantly, making measurement possible.
At 1300 ◦C and a stress of 2 MPa, the undoped system deforms at a rate of
∼ 7×10−8 s−1, but at 1400 ◦C the rate increases to ∼ 6×10−6 s−1. The stress
exponent (n) at 1300 and 1400 ◦C is consistent with diffusional or viscous
creep.
In the doped sample at 1300 ◦C, failure occurs so quickly, that it is impos-
sible to measure at loads higher than 2 MPa. As it is unlikely that steady state
creep was measured even at 2 MPa no trend line is shown in Fig. 11.3.
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Figure 11.1: Elastic modulus and damping measurement of an undoped con-
solidated sample of Formulation B.
Figure 11.2: Elastic modulus and damping behaviour of a consolidated
0.3 wt% Na doped sample of Formulation B
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Figure 11.3: Comparison of creep rate of undoped and 1 wt% Na doped
Formulation B at 1200 and 1300 ◦C, where n = stress exponent.
11.2 Discussion of Effect of Sodium on Me-
chanical Properties on Refractories in the
Al2O3-CaO-SiO2-Na2O System
The repetition of the elastic modulus measurements on the consolidated un-
doped and 0.3 wt% Na doped samples (Fig. 11.1 and Fig. 11.2 respectively)
shows that they follow a similar trend on reheating as during the first ex-
posure to heat. Both measurements show a sharp stiffness reduction at
T > 1100 ◦C. Overall, elastic modulus is reduced more (70 GPa compared
to 100 GPa) in the doped sample as a consequence of the negative effect the
dopant had on the green system.
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Despite the fact that the stiffness data suggests an increase in viscous
phase formation from 1100 ◦C onwards, the creep resistance of the undoped
sample is too high to be measured at 1200 ◦C due to the limitations of the
machine. Creep can however be measured at 1300 ◦C as shown in Fig. 11.3.
The creep resistance decreases significantly as the temperature is raised from
1300 to 1400 ◦C. Despite the temperature discrepancy, the decrease in creep
resistance is generally consistent with the reduction in stiffness and the in-
crease in damping, which have been attributed to the presence of a viscous
phase. The increase in temperature leads to increased formation of viscous
phase, which makes it more detectable. Viscous flow is therefore the main
cause for creep in undoped Formulation B at T > 1200 ◦C, as well as the most
likely reason for creep at T ≥ 1100 ◦C.
At 1200 ◦C, the lowered resistance to creep in the 1 wt% Na doped sample
is also a consequence of the negative effect of doping on the green system,
which is also the reason for the lowered elastic modulus at this temperature,
as well as the formation of a less viscous phase.
At 1300 ◦C melting becomes the main reason for creep in the 1 wt% Na
doped samples, which is consistent with the XRD data at this temperature
(see Fig. 10.2). While some viscous phase forms even in the undoped sam-
ple (as suggested by the increase in damping), the amount is not significant
enough to lead to the disappearance of the matrix peaks in the XRD. As a
consequence, the creep resistance in the undoped sample is lowered as tem-
perature increases from 1200 to 1300 ◦C, but not as dramatically as in the
doped case.
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11.3 Conclusions About Effect of Sodium on
Mechanical Properties on Refractories in
the Al2O3-CaO-SiO2-Na2O System
At T > 1100 ◦C Na acts as a flux in the Al2O3-CaO-SiO2 system. The reduction
of elastic modulus at T > 1100 ◦C and the increase in creep rate at T > 1200 ◦C
are a consequence of liquid phase formation, which is more severe when addi-
tional Na is present. As evidence of a glassy phase has been found, the creep
mechanism is dominated by viscous flow at these temperatures.
At T < 1200 ◦C, the reduced creep resistance of the doped samples is also
a consequence of the negative effect the NaOAc dopant has on the green
sample, as well as liquid phase formation, which clearly dominates at higher
temperatures.
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Chapter 12
Comparison of Effect of Sodium
in the Al2O3-CaO and
Al2O3-CaO-SiO2 Systems
In this chapter the effect of sodium on the various tested properties of sys-
tems Al2O3-CaO (Formulation A) and Al2O3-CaO-SiO2 (Formulation B) are com-
pared. The results have been individually presented in previous sections,
hence no new results are presented here. Instead, the results are compared
and contrasted.
12.1 Discussion of Effect of Sodium in the
Al2O3-CaO and Al2O3-CaO-SiO2 Systems
The data in Fig. 12.1 shows that the dimensional stability of Formulation A
is more affected by the addition of sodium than Formulation B at tempera-
tures below 1350 ◦C. Even in the undoped state, Formulation A undergoes a
larger dimensional change during heat-up to 1350 ◦C than undoped Formula-
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tion B (1.5% in Formulation A compared to only 0.2% in Formulation B). The
additional expansion caused by NaβA formation is considerable and scales
with the amount of dopant added to Formulation A, whereas Formulation B is
largely unaffected by the addition of sodium at T < 1350 ◦C. While Formula-
tion B is more stable at lower temperatures, at T > 1350 ◦C the system begins
to shrink as a consequence of viscous liquid formation (Fig. 12.1B). The more
dopant is present, the more Formulation B is fluxed at these elevated temper-
atures. Once sintered at T > 1300 ◦C, the dimensional stability of Formulation
A is unaffected by the presence of sodium (Fig. 12.1A). With prolonged expo-
sure to 1500 ◦C, CA6 forms despite the sodium-induced delay (see Chapter 7),
which aids the dimensional stability of the system.
Figure 12.1: Comparison of linear thermal expansion of undoped, 0.3, 0.5,
and 1.0 wt% Na doped Formulation A and B.
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Fig. 12.2 shows the elastic modulus evolution of both Formulations dur-
ing the first exposure to heat. Both systems are negatively affected by the
addition of the NaOAc dopant. The dopant slightly increases the castable so-
lution pH (Section 4.2), thereby acting as a set accelerator. It is likely that
this pH change results in an uneven distribution of the hydrates, which would
normally form evenly around larger particles. This lack of particle cohesion
is reflected in the reduction of elastic modulus of all doped samples. Tak-
ing this reduction in green stiffness into account, as described before, when
comparing green and consolidated elastic modulus (see Chapters 7 and 10),
Formulation A can tolerate up to 0.3 wt% Na, while up to 0.5 wt% Na can be
added to Formulation B.
While Formulation A undergoes larger elastic modulus changes at low
temperature (Fig. 12.2A), as well as the dimensional changes outlined above
(Fig. 12.1A), the stiffness of the system is largely unchanged at high temper-
atures. Formulation B on the other hand is less affected by dehydration and
sodium-induced phase changes at low temperatures with respect to stiffness,
but the formation of a viscous phase at T > 1100 ◦C leads to a reduction in
stiffness (see Fig. 12.2B).
Figure 12.2: Comparison of the elastic modulus of undoped, 0.3, 0.5, and
1.0 wt% Na doped Formulation A and B when green samples are heat treated
for the first time at a 3 ◦C/min heating and cooling rate.
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Fig. 12.3 shows a comparison of the creep behaviour of the undoped and
1 wt% Na doped Formulation A with Formulation B at 1300 ◦C. The undoped
Formulation B shows a significantly higher creep resistance than Formulation
A, despite the observed reduction in elastic modulus and shrinkage, which is
due to the formation of a viscous phase. The higher creep resistance is likely
a reflection of the pore-filling effect the SiO2-addition has on the system. The
doped silica-free Formulation A shows a much better resistance to creep than
the doped silica-containing system B as a consequence of the fluxing effect of
Na on the latter system.
Figure 12.3: Creep behaviour at 1300 ◦C of undoped and 1 wt% Na doped
Formulation A and B.
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12.2 Conclusions About Effect of Sodium in the
Al2O3-CaO and Al2O3-CaO-SiO2 Systems
At T < 1100 ◦C Formulation B can tolerate additions of sodium better than
Formulation A. Up to 0.5 wt% Na can be added to Formulation B within this
temperature limit.
Formulation A is more stable at higher temperatures. While the NaβA-
induced expansion is significant, the system can operate with additional
0.3 wt% of sodium with respect to stiffness and creep resistance.
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Chapter 13
Overall Conclusions About Effect
of Sodium in the Al2O3-CaO and
Al2O3-CaO-SiO2 Systems
The effect of 0.1 – 1.0 wt% additional sodium on two model refractory casta-
bles was assessed with respect to the refractory formation behaviour and the
mechanical properties.
The two formulations tested were based in the Al2O3-CaO (Formulation
A) and Al2O3-CaO-SiO2 (Formulation B) systems. The maximum particle size
was limited to 300 µm, making it a model rather than a complete castable.
Sodium-induced change was monitored during the refractory formation pro-
cess, where green samples were exposed to heat for the first time, with
focus on qualitative and quantitative phase analyses, dimensional and mi-
crostructural changes, and differences in elastic modulus. The consequences
of sodium level variation on consolidated samples, i.e. those which have been
heated prior to any testing to ensure thermodynamic equilibrium, have also
been evaluated. Flexural strength and creep resistance were tested.
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Phase analyses of the undoped system Al2O3-CaO were in agreement with
observations made elsewhere and hence confirm that the sample preparation
method used herein is valid. The quantified phases have been successfully
correlated to the measured dimensional changes and the diffusion couple set-
up was shown to be a useful tool for mimicking the interactions of Al2O3 and
CaO in the heterogeneous microstructure, which makes it difficult to observe
changes otherwise.
A reaction mechanism for the formation of NaβA, via NaAlO2, was estab-
lished. The formation of the NaβA was shown to block the diffusion path of
Ca2+ ions into Al2O3, thereby delaying formation of the desirable phase CA6.
The preferential formation of NaβA rather than CA6 led to expansion, which
has been quantified with respect to the amount of Na dopant added. A con-
sequence of the delayed CA6 formation and the sodium-induced expansion is
that the shrinkage effect associated with sintering is also delayed. The NaβA
expansion is shown to have a negative effect on the development of elastic
modulus as particle cohesion is reduced. Taking into account the negative
effect the NaOAc dopant addition has on the stiffness of the green sample, it
was shown that the model castable can tolerate the addition of 0.3 wt% Na
without showing a reduction in consolidated sample stiffness. The formation
of NaβA also resulted in enhanced internal friction, which is likely caused by
Na+ ion hopping through the spinel-like planes of NaβA. The sodium is lost
from the samples with exposure time to 1500 ◦C, as shown in the quantifica-
tion of NaβA, and the peak the presence of this phase causes in the internal
friction measurement. Tests conducted on the consolidated samples show that
the addition of 0.3 wt% Na does not negatively affect the flexural strength of
the castable. The creep resistance is also not reduced when Na ≤ 0.5 wt% are
added. 1 wt% additional Na however leads to a reduction in creep resistance.
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The undoped castable in the Al2O3-CaO-SiO2 system (Formulation B) had
a higher elastic modulus at T < 1100 ◦C than the Al2O3-CaO one, possibly
as a consequence of the formation of CASH phases and CAS2 (An) formation.
The silica-containing hydrate phases [22, 50, 51] are likely the reason why
the negative effect of dehydration on the stiffness of the sample during heat-
up is reduced, while CAS2 formation significantly enhances particle cohesion.
Unlike in the Al2O3-CaO systems, where the formation of a viscous phase is
unclear, a viscous phase forms at T > 1100 ◦C in the undoped Al2O3-CaO-
SiO2 one, which has a detrimental effect on stiffness and dimensional stability.
Sodium doping has a negative effect on the green particle cohesion, likely
as a consequence of the NaOAc dopant altering the solution pH and thereby
affecting the hydrate forming evenly around particles. The elastic modu-
lus reduction of consolidated 0.3 and 0.5 wt% Na doped samples is a con-
sequence of this effect, rather than the sodium-induced formation of C2AS
(Nep) and sodium-containing CAS2 (Na-An). Taking the initial stiffness reduc-
tion into account, the addition of up to 0.5 wt% Na can be tolerated by the
system, considering also the lack of sodium-induced dimensional changes at
T < 1200 ◦C. 1 wt% additional Na fluxes the system, causing a significant in-
crease in stiffness on cooling. Above 1200 ◦C the increased amount of viscous
phase causes a sharp deterioration of the creep resistance in 1 wt% Na doped
Formulation B samples. Below 1200 ◦C the reduced creep resistance is also a
consequence of the negative effect of dopants on sample cohesion, as well as
sodium-enhanced viscous flow.
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Overall, the undoped system Al2O3-CaO-SiO2 shows better stiffness, di-
mensional stability, and creep resistance at T < 1100 ◦C, while the undoped
Al2O3-CaO system is more stable at higher temperatures. Within these tem-
perature limits, and regarding only the properties tested herein, the data sug-
gests that system Al2O3-CaO can tolerate the addition of 0.3 wt% Na, while
the Al2O3-CaO-SiO2 system can sustain the addition of 0.5 wt% Na. There-
fore, should a manufacturer or end-user of either formulation be faced with
high-sodium materials from a new mining site or an altered manufacturing
process, no significant change in the properties of the refractories examined
in this thesis should occur within these limitations. While extensive testing
should be carried out prior to any actual use, the results give an indication of
the sodium-level range where further studies should begin to look.
Given the large quantities of refractories used worldwide, safely ignoring
up to 0.3 wt% additional Na, could lead to significant cost savings.
221
Chapter 14
Future Work
To allow for reliable safe limits for the presence of sodium to be established,
many other tests have yet to be carried out, both on a laboratory scale and
an industrial one. Experiments, such as the effect of Na dopants on thermal
shock behaviour, spalling, and slag resistance, are essential as they play an
important role in the longevity of the castable. The effect of Na < 1 wt% on
the creep resistance of Formulation B should also be tested to obtain a better
understanding of this system.
Many other minor elements can be found in castables. Evaluating the
effect of other elements, such as magnesium (Mg), iron (Fe), potassium (K),
or titanium (Ti), would contribute to a better understanding of the limitations
of refractory systems. It would also be possible to assess the role of Si as an
impurity rather than a matrix component. Examining the interactions of these
elements and their combined effects would also be interesting.
An alternative method for the introduction of any element, including Na,
could be found, which does not negatively alter the properties. Since the
results show that imperfect setting lowers the elastic modulus, and in some
cases the creep resistance, it would be ideal if the tests could be carried out
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without altering the pH of the castable solution.
It would also be useful to compare the herein obtained results of the model
castable to the effect of dopant on the complete formulation to see how large
the difference is, and to verify the assumptions made about the matrix being
most severely affected by sodium-induced changes.
As mentioned in Chapter 7, an evaluation of the diffusion rate of sodium
from NaβA in CAC-systems would be helpful so that the time of loss from
differently sized systems can be estimated. The influence of sample surface
area on the rate of sodium loss could also be evaluated to confirm that the
initial rapid reduction of NaβA occurs from the sample surfaces.
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Kerneos Inc. 
1316 Priority Lane Chesapeake, VA  23324 
Phone:  (757) 284-3200 - FAX:  (757) 284-3300 
 
Page 1 (2) 
ISO 9001 
Updated 8/24/2006
Reference PDS-US-S71-8/06
1 General Characteristics 
 
All calcium aluminate cements possess the general 
properties of good refractoriness and high early 
strength when used alone as the principal hydraulic 
binder.  The latter property is often used in 
combination with other minerals such as calcium  
sulfate and/or Portland cement to produce high early 
strengths and/or shrinkage compensation through the 
formation of ettringite. 
Composed mainly of calcium aluminates, SECAR® 71 
can be used as the primary binder or in combination 
with other reactive minerals. 
Using SECAR® 71 as a refractory cement normally 
finds it as the primary binder in mortars and concretes 
exposed to refractory temperatures.  SECAR® 71 is 
preferred by many for high duty refractory concretes 
due to a very low iron oxide content of approximately 
0.1%. 
SECAR® 71 is the reference product for high 
technology deflocculated castable systems such as 
LCC, ULCC, shotcrete and pumpable refractories.  Its 
controlled mineralogy gives the formulator great 
flexibility in castable design and also gives good 
compatibility with micro silica. 
For construction product formulators SECAR® 71 can 
be used in combination with other reactive minerals to 
form the binder in formulations requiring a white base 
color. 
SECAR® 71 additions to Portland cement will 
accelerate the initial set from hours to minutes 
depending on the type and mill of manufactured 
Portland cement. 
Calcium aluminate cements do not release Calcium 
Hydroxide as a hydration product when used as the 
sole hydraulic compound in a formulation.  This 
imparts good refractoriness, chemical resistance and 
eliminates the major cause of efflorescence. 
As a binder, SECAR® 71 reacts with most organic 
and mineral additives to achieve exceptional flow with 
high early compressive strength. 
SECAR® 71 is a white in color.  Colorimetry data is 
available on request. 
SECAR® 71 does not contain any additives. 
SECAR® 71 does not contain crystalline silica. 
 
2 Specifications 
 
SECAR® 71 produced and distributed in North 
America adheres to the following specifications: 
 
Chemical constituents (% by XRF chemistry) 
Al2O3 CaO SiO2 Fe2O3 
≥ 68.5 ≤ 31.0 ≤ 0.8 ≤ 0.4 
 
 
 Blaine fineness: 3700-4500 cm2/g (ASTM C204) 
 
Physical Properties (using EN-196 sand mortar) 
 
 Flow at 30 min: ≥ 60% (ASTM C1437) 
 Vicat Initial Set: ≥ 175 min. 
 Vicat Final Set: ≤ 290 min 
 
Modified ASTM C191 - Needle weight is 1000g, needle 
diameter is 1.16 mm, samples immersed in water. 
 
 Compressive strength (ASTM C349) 
6 hr ≥  1250 psi (8.6 MPa) 
24 hr ≥  4600 psi (31.7 MPa) 
 
For detailed test procedures, please contact a Kerneos Technical 
or Quality Manager. 
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3 Additional Physical properties 
 
 Bulk density: 1.04 – 1.23 g/cm3 (64.9 – 77.1 lb/ft3) 
 Specific gravity:  approx. 2.94 
 Residue at 90 microns (+170 mesh):  < 5%  
 Pyrometric cone equivalent - ASTM C24 on neat 
cement paste: 19-20 (≈ 2845° F or 1563° C) 
 
Minor constituents (% by XRF Chemistry) 
TiO2 MgO SO3 K2O+Na2O 
< 0.4 < 0.5 < 0.3 < 0.5 
 
 
 
 
 
 
 
 
 
 
Mineralogy 
 
 Principal mineralogical phase: 
calcium aluminate CA 
 
 Secondary phase: 
CA2 
C = CaO A = Al2O3 S = SiO2 F = Fe2O3 
 
4 Packaging & Shelf Life 
 
SECAR® 71 is available palletized in 100 lb bags or 
3000 lb. super sacks. 
 
SECAR® 71 packaging is designed to protect it from 
humidity.  However, as with all hydraulic binders, it is 
recommended that SECAR® 71 not be placed 
outdoors or in direct contact with the ground.  When 
correctly stored in dry conditions, the properties of 
SECAR® 71 will remain within specification limit for at 
least 6 months.  In most cases, its properties will be 
retained for over a year. 
 
 
 
 
 
 
 
KERNEOS LIMITED WARRANTY 
Kerneos warrants that this product, at the time of shipment, conforms to the Specifications set forth in section 2 of 
this Product Data Sheet.  All other information provided in this Product Data Sheet is for guidance only.  ALL 
OTHER WARRANTIES, INCLUDING WITHOUT LIMITATION THE WARRANTIES OF MERCHANTABILITY AND 
FITNESS FOR A PARTICULAR PURPOSE, ARE EXCLUDED.  Kerneos’ sole obligation and the sole and 
exclusive remedy under this limited warranty shall be the replacement of any nonconforming product, or, at 
Kerneos’ option, the refund of the purchase price.  No warranty is given for any technical advice or 
recommendations provided by Kerneos.  Buyer waives all claims under this limited warranty unless it has given 
written notice of nonconformity within 30 days of delivery. 
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